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1 
Summary 
 
This thesis work dealt with the study of synaptic plasticity in the adult brain. This is an area of 
intensive investigation because instability of synapses is believed to underlie cognitive 
processes like learning and memory in the CNS, and adaptation to injury or paralysis in the 
PNS.  
 
Structural changes involving large-scale growth and retraction of neuronal processes or fine-
tuning of connections are well documented in the developing nervous system and are thought 
to naturally decrease in mature systems. Evidence for post-synaptic structural changes in the 
adult brain is numerous. In contrast, rearrangements of pre-synaptic terminals are much less 
studied and we simply do not know their capacity for plastic changes.  
To investigate these issues we generated mice expressing membrane- and/or synaptic vesicle-
targeted spectral variants of GFP in neuronal subsets to image identified presynaptic terminals. 
This unique tool allowed us, for the first time, to follow individual presynaptic terminals over 
long periods of time by confocal and conventional time-lapse microscopy. Because of its 
prominent role in learning and memory we have chosen the hippocampus as a model system. 
The use of in vitro and ex vivo preparations (hippocampal slice culture and whole mount 
preparations) enabled us to investigate the molecular mechanisms of pre-synaptic terminal 
plasticity in the hippocampus. Our main findings are: 
1) Pre-synaptic terminal numbers in mature hippocampal networks are in a state of dynamic 
equilibrium. 2) Mature mossy fibers display short-term dynamic behaviors resembling those 
typical during development. 3) Distinct types of terminals of the same neuron exhibit unique 
dynamic properties. 4) Stable terminals can be reversibly converted into dynamic ones by 
patterned electrical activity. 5) This process is mediated through AMPA-receptor activation, 
PKA and protein synthesis. We conclude that stable presynaptic terminals in mature 
hippocampal networks can be converted into dynamic ones by synaptic activity, demonstrating 
regulated pre-synaptic rearrangements in these networks. 
 
The usefulness of the targeted-GFP transgenic mice for many fields of neuroscience research 
was also demonstrated in several additional experimental designs and applications. 
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1. INTRODUCTION 
 
Overview 
The ability of the brain to change in response to everyday experience or upon learning and 
memory is called plasticity and has been the subject of thorough studies for centuries especially 
with respect to synaptic changes. Since this is the context where my thesis work can be best 
placed, I will start the introduction by giving a summary of how experience can alter synapses 
(1.1.1.). In the following subsections (1.1.1.1 to 1.1.2.2.) I will attempt to describe at which 
levels synaptic plastic phenomena could occur: namely at the biochemical (e.g. changes in ion 
channel currents), molecular (e.g. modifications in key synaptic proteins) and morphological 
level (e.g. changes in shape, size or numbers of synapses). The mechanisms of synaptic 
plasticity will be treated in a separate subsection (1.1.2.), which will include both classic 
studies from Aplysia and LTP literature, and also recent views about other possible pathways 
underlying activity-dependent modifications of synapses. How synapses form, disassemble and 
remodel will be the subject of the second section (1.2), with a particular emphasis on synapse 
number changes. 
The third section (1.3) deals with the hippocampus as a model system to study synaptic 
plasticity in the brain, primarily focusing on its role in memory processing. This is followed by 
a part on the anatomy of hippocampal circuits, together with the functional roles of the mossy 
fiber pathway, which will be important for the later interpretation of the second part of the 
results (2.2). A critical evaluation of the slice culture technique will end the introduction.  
 
1.1. Plasticity in the adult brain 
Anybody who has ever observed a child trying to grasp a toy must have realized that the adult 
perceptual and motor skills are not innate but need to develop with time through practice.  
Before the developing brain acquires the full capacity to elaborate and analyse sensory 
experience, experience itself will leave a ‘fingerprint’ on brain tissues. Even if, after birth, the 
brain does not undergo modifications of its fundamental organization, structural and functional 
details maintain a certain capacity to change for some time. This capacity of the brain is called 
plasticity and persists into adulthood. Importantly, this plasticity is thought to allow us to adapt 
our behaviour to experience, to acquire new tasks, to remember past things and recognise 
objects. But, how can experience modify the organization of the brain? 
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1.1.1. Experience-dependent synaptic plasticity  
Experience can shape the brain at specialized interneuronal connection sites, the synapses.  
Formation of synapses during development is thought to depend upon both genetic and 
environmental factors. Initial establishment of synaptic connections occurs independently of 
experience, followed by a period of experience-dependent refinement. A common view was 
that, after this critical period of fine-tuning, the configuration of synaptic connections remained 
unaltered throughout the lifetime of the animal. However, research over the last decade has 
shown evidence for widespread experience-dependent plasticity in the adult brain (Gilbert, 
1998). Some of the most detailed accounts of experience-dependent plasticity, including 
mechanistic studies, have been performed in the rodent barrel cortex. This is the location where 
tactile information from the facial vibrissae is processed. There are several advantages in using 
this cortical region in the mouse for studies of experience-dependent plasticity. For example, 
contrary to the rodent visual system (the visual system is mainly studied in cats and monkeys), 
this region comprises a clear columnar structure, which is both easy to define functionally and 
easy to view with histochemical stainings (Woolsey and Van der Loos, 1970). In layer IV of 
this somatosensory cortex, neurons are arranged in discrete clusters called “barrels”. Each 
whisker activates neurons primarily in a single identifiable barrel, and the spatial arrangement 
is topographic, such that neighbouring whiskers map to neighbouring barrels. Manipulations of 
the sensory periphery during development and in the adult mouse (usually, a period around 6 
months is considered as adult, corresponding to 20 years in humans, and 3-4 years in a cat), 
such as through clipping whiskers, can change the receptive fields of cortical neurons. Thus, 
experience-dependent plasticity can be measured as soon as 1 day after whisker clipping (e.g., 
(Diamond et al., 1993)). The cortex is still plastic up to 15 months in a mouse (Fox, 2002). 
According to most models, the cellular basis of this experience-dependent plasticity is in 
modifications of existing synapses, such as reorganization of active zones (Lnenicka et al., 
1986), postsynaptic spines (Fifkova and Anderson, 1981; Chang and Greenough, 1984) or 
long-term potentiation and depression (Buonomano and Merzenich, 1998; Martin et al., 2000). 
But studies on the biology of memory have clearly demonstrated that experience can also alter 
synapse numbers in adult brain (Bailey and Kandel, 1993). 
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1.1.1.1. Experience-dependent structural synaptic plasticity
There are several types of structural changes associated to various forms of activity-dependent 
alterations in both vertebrates and invertebrates. Early examples come from studies of sensory 
deprivation during critical periods of postnatal development. 
In kittens, using monocular deprivation Hubel and Wiesel found that lack of visual experience 
during early development, but not after this critical period, leads to permanent alteration in 
perceptual capabilities later in life. These behavioural changes are accompanied by 
morphological and physiological changes consistent with alteration in the number and pattern 
of synaptic connections (Hubel and Wiesel, 1970). The so-called ocular dominance columns do 
not form in kittens when all activity in retinal ganglion cells and optic nerves is blocked by 
injections of tetrodotoxin into each eye, meaning that during the critical period segregation of 
afferent fibres and the establishment of ocular dominance columns can be altered by changing 
the balance of input activity from the two eyes (Stryker and Harris, 1986).  
In primates, depending on the level of injury, large-scale functional reorganization of cortical 
maps representing body sensation and movement has been described to be caused by limb 
deafferentation or amputation or peripheral injury (Florence et al., 1998; Merzenich, 1998). 
Similarly, studies of recovery from brain damage have also demonstrated dendritic as well as 
synaptic structural changes, like enhanced dendritic arborization and/or increased spine density 
(Jones and Schallert, 1994; Kolb et al., 1996; Schallert et al., 1997). 
Interestingly, in songbirds, morphological studies on vocal centres within their brain have 
shown a correlation between neuronal numbers and synaptic connectivity changes, and various 
aspects of the song features, such as seasonal variations or time spent singing (Nottebohm, 
1981). Furthermore, structural plasticity correlated to learning and memory has been studied at 
identified synapses of higher invertebrates like the marine mollusc Aplysia californica.  In fact 
the simplicity of this model system has allowed the analysis of short- and long-term forms of 
memory at the molecular and cellular level (see later). Thus, upon long-term sensitisation 
following behavioural training of the gill and siphon-withdrawal reflex, there is an increase in 
sensory neuron varicosities, and an enlargement of the axonal arbor at the sensory to motor 
synapse (Bailey and Chen, 1988). This elementary form of non-associative learning has been 
instrumental for the study of the time course of structural changes: these studies revealed that 
some aspects of synaptic structure are transient (like modulation of active zone size that lasts 
only few days) while others (like active zone and synapse number) endure for weeks and 
parallel the behavioural time course of memory (Bailey and Chen, 1989).  
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A broad body of work has associated the addition of synapses with learning and memory 
formation also in higher vertebrates verifying the theory introduced by Cajal that memory is 
stored as an anatomical change in the strength of synapses (Cajal, 1894). Adult animals housed 
in complex, toy filled cages have thicker cerebral cortical tissue, more highly branched 
neuronal dendritic fields and more synapses per neuron than animals housed in standard 
laboratory cages. Subsequent work demonstrated that standard learning tasks evoked similar 
changes (Turner and Greenough, 1985; Moser et al., 1997). Another type of learning, motor 
learning, has also been associated to changes in number and patterns of synaptic connections. 
The number of synapses per Purkinje cell was elevated by a 30-day period of acrobatic motor 
learning in adult rat cerebellar cortex. In contrast, simple motor exercise was ineffective, 
suggesting that only those aspects of activity that are related to the acquisition of a particular 
learning task lead to changes in synaptic organization (Black et al., 1990). Finally, with the aid 
of sophisticated methodology experience-dependent changes in spine turnover on a time-scale 
of days have been recently observed in mouse barrel cortex (Knott et al., 2002; Trachtenberg et 
al., 2002), but see (Grutzendler et al., 2002). How does this compare to humans? In a recent 
study, the anatomy of the brains of London taxi drivers has been compared with that of age-
matched non-taxi drivers (Maguire et al., 2000) using voxel-based morphometry analysis of 
structural MRI scans. Significant differences in grey matter volume between the two groups 
were found only in the hippocampus, with the posterior hippocampus being larger on both 
sides in taxi drivers and anterior hippocampus being smaller. Moreover the increase in right 
posterior hippocampus correlated with the time spent in the job. This study provides an 
intriguing example of experience-dependent structural plasticity in the human brain and 
suggests a close link between navigation and the hippocampus in humans (see later). 
 
1.1.2. Mechanisms of activity-dependent synaptic plasticity
Mechanisms underlying synaptic plasticity have been studied mainly in the context of learning 
and memory. These studies developed rapidly in the late 40’s and early 50’s with the 
introduction of cellular techniques to study synaptic connections, including intracellular 
microelectrode recording or electron microscopy.  The plastic changes that underlie memory 
are thought to follow a so-called homosynaptic rule, that is, the events responsible for 
triggering synaptic strengthening occur at the same synapse that is being strengthened. This 
rule was postulated in 1949 by Donald Hebb, who proposed that the strength of the connection 
between two neurons is increased for a long period of time when the firing of the presynaptic 
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and postsynaptic neuron are closely correlated in time. Importantly, synaptic strengthening is 
input-specific, meaning that other synapses on either neuron remain unchanged. Synaptic 
strengthening can also occur as a result of the firing of a third neuron, a modulatory 
interneuron, whose terminals end on and regulate the strength of a specific synapse (the so 
called heterosynaptic rule). These changes can result in an increase (facilitation) or decrease 
(depression) in synaptic strength (Bailey et al., 2000). As mentioned above the simplicity of the 
neural circuit represented by the sensory neurons that innervate the siphon in the mollusc 
Aplysia allowed more detailed molecular studies. Thus, upon sensitization, serotonin (5-HT) 
released by a class of modulatory interneurons, activates G-protein-coupled receptors on the 
sensory neuron presynaptic terminals. As a consequence, either adenylyl cyclase or the cyclic 
AMP-dependent protein kinase (PKA) or protein kinase C (PKC) are activated leading to 
enhanced transmitter release (Brunelli et al., 1976). This facilitation can be transient, lasting 
only few minutes, when only one intense stimulus is given to the tail of Aplysia (or when only 
one pulse of 5-HT is given in a culture system that reconstitutes the elements of the neural 
circuit) and requires only covalent modifications of pre-existing proteins. Repetitive stimuli (or 
spaced applications of 5-HT in the culture), instead lead to long-term sensitization that lasts 
several days. This long-term phenomenon requires both new protein and mRNA synthesis. 
Repetitive 5-HT applications recruit PKA and mitogen-activated protein kinase (MAPK) that 
translocate to the nucleus and activate the transcription factor CREB (for cAMP response 
element binding protein). CREB in turn activates a cascade of genes that lead to the growth of 
new synaptic contacts between the sensory and the motor neurons and to facilitation of 
synaptic strength that persists for days. It seems, thus, that the distinction of memory phases in 
short- and long-term phases at the behavioural level has a counterpart at the cellular level.  
 
1.1.2.1. Glutamate receptor-dependent synaptic plasticity
Long-lasting synaptic enhancement has also been discovered in the mammalian hippocampus 
as a consequence of repetitive stimulation of excitatory synapses (Bliss and Lomo, 1973). 
Since this landmark study, a lot of progress has been made to characterise this so-called long-
term potentiation (LTP) of synaptic transmission. Although there are many unanswered 
questions regarding the role of LTP as a cellular mechanism of memory storage (Martin et al., 
2000), it is clear that the study of LTP has provided a way to identify and characterize 
molecular mechanisms that potentially underlie memory storage. LTP is not a unitary 
phenomenon, but a family of processes that vary in their cellular and molecular mechanisms. 
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The existence of these various forms of LTP was first found in the three main areas of 
hippocampus, but other variants were discovered in the cerebellum, in the lateral nucleus of the 
amygdala and in prefrontal cortex (Blair et al., 2001), (Vickery et al., 1997). Some of the 
properties of LTP are shared among the different systems. Thus, there is an early phase (e-
LTP) and a late phase (l-LTP) of LTP. This latter one requires new protein and mRNA 
synthesis. Moreover, the induction of l-LTP requires in part cAMP, PKA and MAPK. The 
triggering of LTP requires activation of postsynaptic N-methyl-D-aspartate (NMDA) glutamate 
receptors. To activate the NMDA receptor, and to initiate LTP, two events need to occur 
simultaneously: glutamate has to bind to the receptor and the postsynaptic membrane needs to 
be depolarised sufficiently by the activation of α-amino-3-hydroxy-5-methy-4-
isoxazoleproprionate (AMPA) receptors to dissociate magnesium from the binding site within 
the receptor. This allows Ca2+ and Na+ to enter the postsynaptic dendritic spine. This local 
source of Ca2+ is the trigger of LTP and accounts for its input-specificity (but see (Schuman, 
1997)). Thus, the NMDA receptor may act as a molecular coincidence detector in Hebbian 
plasticity because of its dual requirement for depolarisation and glutamate.  
Synaptic plasticity is greatly influenced by the properties of the activation signal. A 100 Hz 
stimulus (tetanus) protocol activates the kinases required for e-LTP, but this phase only lasts a 
few hours. Use-dependent modulations of the efficacy of synaptic transmission can last for 
seconds to minutes (paired-pulse facilitation and post-tetanic potentiation) (reviewed by 
(Zucker and Regehr, 2002). In contrast, multiple tetani are required to induce long lasting l-
LTP. This intense stimulation recruits calcium-calmodulin-dependent protein kinase II 
(CaMKII), a key component of the molecular machinery of LTP. An important property of 
CaMKII is that when autophosphorylated on Thr286, its activity is no longer dependent on Ca2+-
calmodulin. This allows its activity to continue long after the Ca2+ signal has returned to 
baseline (Lisman et al., 1997). Other biochemical pathways induced by Ca2+ and required for 
the increase in synaptic strength characteristic of LTP, include cAMP intracellular elevation 
and consequent activation of PKA and MAPK, which activate CREB-mediated transcription 
(Abel et al., 1997). It is clear that the dynamics and magnitude of Ca2+ increase in the dendritic 
spine, as well as the modes of Ca2+ entry, are critical for the form of the resulting synaptic 
plasticity induced. In fact, short-term potentiation that decays to baseline over 5 to 20 minutes 
or long-term depression (LTD), a persistent decrease of synaptic strength that can be due to a 
reversal of the mechanisms underlying LTP, can also be generated by an increase in Ca2+.  
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The third class of ionotropic glutamate receptor is called kainate receptor (after the name of the 
agonist) type. Kainate receptors are ubiquitous in the nervous system and, as for the other two 
types, NMDA and AMPA receptors, are tetramers in which each monomer carries its own 
ligand-binding site. There is now compelling evidence that they act both pre- and post-
synaptically in modulating transmitter release and short- and long-term synaptic plasticity. 
Synaptic responses mediated by kainate receptors were primarily found at hippocampal mossy 
fiber synapses (Castillo et al., 1997). Interestingly, at mossy fibers these receptors function as 
autoreceptors that sense the synaptically released glutamate, enhancing glutamate release in a 
frequency dependent manner. So, these presynaptic kainate receptors significantly contribute to 
the short-term plasticity (frequency-dependent facilitation) of mossy fiber synapses (Contractor 
et al., 2000). These receptors seem also to be involved in long-term plastic phenomena. Indeed, 
mossy fiber LTP is completely prevented, in a reversible manner, by a specific antagonist of 
GluR5-(one of the five cloned kainate receptor subunits)-containing receptors (Bortolotto et al., 
1999).  Although the precise mechanism of action needs further investigation, it has been found 
that GluR5 and GluR6 interact with PDZ domain containing proteins like GRIP (glutamate-
receptor-binding-protein), PICK1 (protein that interacts with C kinase 1) and PSD-95 
(postsynaptic density 95). PKC-mediated phosphorylation of kainate receptors results in the 
stabilization of anchored receptor at the synapse. This is in contrast with the PKC-dependent 
phosphorylation of AMPA receptors that allows them to enter into a recycling process, making 
them available for insertion into the membrane (Daw et al., 2000). So, differential effects of 
PDZ-interacting proteins on AMPA and kainate receptor types constitute a potential molecular 
mechanism to account for the activity-dependent changes observed at synapses that contain 
AMPA and kainate receptors. 
 
Compared with our understanding of the roles of ionotropic glutamate receptors (AMPA, 
NMDA and Kainate receptors), much less is known about the roles of the metabotropic 
glutamate (mGluR) receptor family in synaptic plasticity. These are G-protein coupled 
receptors (both pre- and post-synaptic) that have modulatory functions on neuronal excitability, 
transmitter release, and synaptic plasticity in the CNS. Phosphorylation (by PKC or PKA) and 
dephosphorylation (PP2B/calcineurin) are events that play a major role in their regulation. 
There are 8 cloned mGluRs divided in 3 groups based on sequence homology, mechanisms of 
transduction and pharmacology. Postsynaptic Group I (mGluR1/mGluR5) are selectively 
activated by 3,5-dihydroxy-phenylglycine (DHPG) and coupled to inositol phospholipid 
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hydrolysis. They are coupled to various calcium, potassium, and non-selective cationic 
channels, thus modulating excitability of hippocampal neurons directly. Presynaptic group II 
(mGluR2/mGluR3) and group III (mGluR4/mGluR6/mGluR7/mGluR8), which are linked to 
inhibition of the cAMP cascade in receptor-transfected cell lines, are selectively activated by 2-
(2,3-dicarboxycyclopropyl)-glycine (DCG-IV) and 2-amino-4-phosphonobutyrate (L-AP4), 
respectively. They suppress transmitter release in various regions by inhibiting voltage-
dependent calcium channels and/or interfering directly with the release machinery. The critical 
role of mGlu in LTP and LTD of synaptic transmission in the hippocampus is also well 
established due to the aid of a series of agonists and antagonists and to mGluR knockouts (Lu 
et al., 1997; Fitzjohn et al., 1998).  
Interestingly, pharmacological evidence exists that the late phase of LTP, which requires PKA 
and protein synthesis, has a further requirement for heterosynaptic modulatory (dopamine, 
noradrenaline) input that recruits the cAMP cascade at various pathways. Whether dopamine 
and noradrenaline axons are directly activated by the high frequency stimulation, or whether 
there is glutamate spillover-induced transmitter release at these modulatory axon terminals is 
not clear at present (Whitton, 1997). Blockade of ß-adrenergic receptors interferes with the 
formation of emotional memory in humans, whereas infusion of ß-adrenergic agonists into the 
amygdala in animals enhances memory consolidation. These results suggest that these 
modulatory pathways are important for regulating memory storage. 
 
1.1.2.2. Other pathways underlying synaptic plasticity
In the search for molecules that could mediate the structural synaptic changes that underlie 
long-term memory in Aplysia, a number of proteins were found. One group of such proteins is 
constituted by the Aplysia homologs of NCAM-related cell adhesion molecules (apCAM). 
Upon serotonin or cAMP, there is a decrease in the expression of these different Aplysia 
isoforms and, notably, also a loss of pre-existing proteins from the membrane of the sensory 
neurons within 1h after addition of the stimulus. Further experiments revealed that upon 5-HT 
there is a rapid internalisation of apCAM, and thus a regulation of the internal membrane 
system of sensory neurons which closely resemble the changes induced by growth factors in 
non neuronal cells (e.g. NGF effect on PC12 cells). Thus, learning related synapse formation is 
accompanied by activation of an endocytic pathway. This could serve the double function of 
destabilizing synaptic contacts to facilitate their disassembly and of redistributing membrane 
components that would favour synapse formation (Bailey et al., 1992).  
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Another class of proteins whose role in synaptic plasticity is well recognized are the 
neurotrophins.   
They have classically been known for their role in neuronal growth and survival, but there is an 
increasing amount of reports that point to an action in establishing connections between 
neurons during development, in the mature CNS and after injuries. Synaptic activity can 
regulate expression, secretion, and function of neurotrophins which in turn can influence both 
acute and long-term electrophysiological and structural synaptic plasticity (Poo, 2001). 
Neurotrophins can act like neurotransmitters altering the functional state of neurons within 
milliseconds (Kafitz et al., 1999), with their actions restricted to the local environment. In fact 
there is evidence that BDNF could induce a spatially-restricted potentiation of synaptic 
transmission which requires local protein synthesis in the axon (Zhang and Poo, 2002). The 
threshold to induce LTP is lower when exogenous BDNF is added, and BDNF knockout mice 
have impaired hippocampal LTP. TrkB signalling appears to be required for both the early and 
late phase of LTP, although this varies with the stimulation protocol used (Kang et al., 1997). 
Interestingly, NGF and NT-3 (that act on different receptors) do not have these effects. 
Moreover, the establishment of ocular dominance columns in the visual cortex, a model of 
activity-dependent developmental plasticity, also involves neurotrophin action (McAllister et 
al., 1999).  
The silent synapse hypothesis states that synapses can be either presynaptically silent (releasing 
little or no glutamate), postsynaptically silent (containing non-functional AMPA receptors or 
not having them at all), or both (Liao et al., 1999). There is electrophysiological evidence that 
LTP expression is associated with the insertion of AMPA receptors in the postsynaptic 
membrane (Shi et al., 1999). BDNF can trigger the increase of AMPA receptor proteins in 
cultured hippocampal neurons (Narisawa-Saito et al., 1999) suggesting that it may play a role 
in activity dependent conversion of silent synapse into functional ones. Consistent with a role 
of exocytosis in this process, introduction into CA1 pyramidal neurons of compounds like 
botulinum toxin prevents LTP. Finally, there is also evidence that LTD involves increased 
endocytosis of AMPA receptors (Wang and Linden, 2000). Thus the activity-regulated 
trafficking of receptors at synapses provides a further molecular mechanism for changing 
synaptic weight. 
A last example of a possible method of synaptic modulation by neural activity is local protein 
synthesis.  Both anatomical and biochemical evidence exist for protein translation near 
synapses, and several mechanisms for the regulation of this translation and for potential roles 
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in synaptic plasticity have been described recently (Steward and Levy, 1982; Scheetz et al., 
1997; Jiang and Schuman, 2002). Indeed polyribosomes are translocated to spines during 
synaptic plasticity (Ostroff et al., 2002). One of the proteins synthesized under neurotransmitter 
regulation (e.g. following mGluRI activation) is the fragile-X mental retardation protein 
(FMRP). This RNA binding protein can regulate translation in both cell body and dendrites 
(Brown et al., 2001). The idea is that by keeping the protein synthesis machinery nearby, each 
synapse can operate as an autonomous entity and change its transmission efficacy independent 
of others. These new plasticity-related proteins would be transferred to activated synapses and 
act to induce long-lasting synaptic enhancement or depression (Kang and Schuman, 1996; 
Huber et al., 2000). 
Are the molecular mechanisms underlying synaptic plasticity conserved throughout evolution? 
With the recent isolation and initial characterisation of the NMDA receptor complex (more 
than 80 proteins, including PKA regulatory and catalytic subunits), it is becoming clear that the 
similarity between mechanisms of plasticity in various model systems is greater than their 
apparent differences. In support of this unified view of the molecular basis of synaptic 
plasticity, cAMP/PKA signalling pathways have been shown to be involved in hippocampal 
LTP, barrel formation, in learning and memory paradigms in Drosophila and Aplysia and in the 
plasticity of receptive field properties of visual cortical neurons (Beaver et al., 2001).  
 
1.2. Synapse formation and remodelling   
The final step in wiring up the brain is synapse formation. It involves three highly regulated 
steps: 1) the formation of selective contact sites between the developing axon and its targets, 
followed by 2) presynaptic and 3) postsynaptic differentiation.  
 
1.2.1. Overview of synaptogenesis  
Axo-dendritic contact can be initiated by the axonal and dendritic growth cone, as well as by 
dendritic and axonal filopodia (Ziv and Garner, 2001). This critical process seems to be 
mediated by various classes of cell-cell adhesion molecules including the cadherins and the 
neuroligin-neurexin complex. Particularly relevant in the context of the considerable 
heterogeneity of synaptic connectivity in the CNS (Craig and Boudin, 2001), is the discovery 
of the structural features of synaptic cadherin-related neural receptors (CNRs) or 
protocadherins. The striking variability of their extracellular domains, could provide a 
mechanism by which initial contact would be established by cells expressing complementary 
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sets of these molecules (Kohmura et al., 1998). This, in turn, would ensure that precision in the 
connections between developing neurons is achieved. 
The most complete picture of synaptogenesis presently available is at the synapse between 
motor neurons and skeletal muscles. Although many differences between neuromuscular 
junction (NMJ) and CNS synaptogenesis are obvious, one emerging similarity is that in both 
systems, a synapse editing process takes place to get rid of an initial surplus of synapses. For 
example, each Purkinje cell in the cerebellum is initially innervated by multiple climbing fibers 
(coming from the inferior olive) during early postnatal life. Over the course of several weeks, 
however, every Purkinje cell is eventually innervated by only one climbing fiber, due to an 
activity-dependent process that eliminates the other inputs. In the periphery, during embryonic 
and early postnatal life most vertebrate muscle fibers are innervated by several motor neurons, 
but adult muscle fibers typically are innervated by only one of them. This process is thought to 
be mediated by activity and by local competitive interactions that take part at different times 
within each neuromuscular junction (Keller-Peck et al., 2001). Consistent with a role of 
neurotransmitter release in synapse elimination, when pre- and postsynaptic activity is not 
temporally correlated, silent synaptic sites are destabilized (Personius and Balice-Gordon, 
2002). A key pathway involves the synthesis and axonal secretion of the extracellular matrix 
protein agrin by motor neurons.  Agrin activates a receptor tyrosine kinase known as muscle-
specific kinase (MuSK), which, in turn, initiates clustering of ACh receptors and other proteins 
at the developing synapse. Both the extracellular domain of MuSK, which plays a role in signal 
transduction and is not only required for activation by the ligand, and its intracellular domain, 
seem to be necessary for this function (Zhou et al., 1999). The postsynaptic specialization also 
leads to presynaptic differentiation, in a process that probably involves a retrograde signal 
(DeChiara et al., 1996; Glass et al., 1996). However, even if neural agrin is missing, ACh 
receptors are still found concentrated during embryonic development (Yang et al., 2001).  Thus 
it seems that agrin is not required for the formation of small ACh receptor aggregates at early 
stages, but is necessary for their maturation (Lin et al., 2001). Further players in synaptic 
differentiation at NMJs are neuregulin, which promotes transcription of synaptic proteins, 
including Ach receptors, and Neural-CAM, a cell-adhesion molecule (not neuron-specific even 
though termed “neural”) that seems to be required for presynaptic maturation (Polo-Parada et 
al., 2001). 
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1.2.1.1. Pre- and post-synaptic differentiation at glutamatergic synapses
In contrast to the formation of NMJs in the periphery, synapse formation in the CNS is less 
well understood, and most data about potential mechanisms involved come mainly from in 
vitro studies. Whether and how these mechanisms contribute to synaptogenesis in vivo is not 
yet clear.    
Presynaptic sites are assembled from active zone precursor vesicles that upon fusion with the 
presynaptic plasma membrane lead to the rapid formation of new active zones (Ziv and Garner, 
2001). The exact location of docking and fusion seem to be defined by large scaffold proteins 
like the presynaptic protein Piccolo and Bassoon (Garner et al., 2000). At present, it is not 
known how the different vesicle types are involved in presynaptic assembly, but these vesicles 
seem to carry numerous components of the presynaptic active zone (Ahmari et al., 2000; Zhai 
et al., 2001). Potential inducers of presynaptic differentiation are Narp (neuronal activity-
regulated pentraxin), EphB receptors and syndecan. 
In contrast to presynaptic sites, postsynaptic sites seem to be assembled in situ, in an ordered 
and sequential manner, from individual elements or distinct classes of vesicular intermediates 
that carry only limited types of postsynaptic proteins. This point is well illustrated considering 
that even different subunits of the same receptor type differ in their dynamics of insertion in the 
postsynaptic membrane and in their dependence on synaptic activity for insertion. An 
important role in postsynaptic assembly is played by scaffold or adaptor molecules like PSD95, 
PICK, Stargazin, proSAP1. These proteins have multiple binding sites for both glutamate 
receptors and additional scaffold and cytoskeletal proteins and thus they might be important for 
clustering and stabilizing receptors at postsynaptic locations.  
Once formed, synapses are characterised by a certain capacity for remodelling as well 
documented for postsynaptic spines. 
   
1.2.2. Spine dynamics as an example of synapse remodelling 
Dendritic spines are the primary targets of excitatory transmission in the mature brain. They 
are sub-cellular compartments protruding from the dendritic shaft, and contain high 
concentrations of actin filaments (Matus et al., 1982), which are oriented longitudinally in the 
neck and form a dense network in the head (reviewed by (Harris, 1999a)). Spines have 
remarkably diverse structures even on the same dendritic segment. Differences in spine 
structure can be important for spatially restricting calcium signals and biochemical cascades, or 
for modulating synaptic response properties (Majewska et al., 2000). Thus, due to the specific 
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morphology of spines (narrow necks), even a relatively low rise in [Ca2+] is locally restricted 
and can reach substantially high levels. This may decrease the threshold for triggering calcium-
mediated signalling specifically in the spine and lead to short- or long-term synaptic plasticity 
(Malenka and Nicoll, 1999). Furthermore, limiting the spread of calcium may provide input 
specificity (Yuste and Denk, 1995), and protect dendritic shaft and soma, which are especially 
sensitive to calcium-induced excitotoxicity. 
The entry of Ca2+ through activated NMDA receptor channels, and Ca2+ release from 
intracellular stores in dendritic spines are critical factors in determining whether maintenance, 
growth or spine retraction occur (Harris, 1999b; Luscher et al., 2000). Dendritic spines are 
highly variable in both number and shape on time scales ranging from seconds to days.  
Regulation of the actin cytoskeleton is fundamental to spine motility. It does not only induce 
changes in receptor distribution (mainly AMPA-R, (Zhou et al., 2001)), but also alters the 
morphology of the spine itself. Thus spontaneous spine motility over seconds is actin-dynamic 
dependent (Fischer et al., 1998) and is blocked by volatile anesthetics and by low 
concentrations of AMPA (Kaech et al., 1999; Fischer et al., 2000). It is also developmentally 
regulated as it decreases dramatically during the first postnatal weeks in vitro (Dunaevsky et 
al., 1999). The fragile-X mental retardation protein, FMRP, is thought to regulate Rac 1 (a 
member of  the Rho family of GTPases, which are central actin organization regulators) 
function, and in fact the knockout of FMRP results in defects in the maturation and pruning of 
synapses during development and adulthood (Comery et al., 1997). LIMK-1 (Meng et al., 
2002), Ca2+ via Ras, Rap or MAPK (Zhu et al., 2002), PSD proteins like SPAR, spinophilin, 
kalirin and shank (Naisbitt et al., 1999; Pak et al., 2001; Penzes et al., 2001) are further 
important players in regulating actin cytoskeleton and thus spine dynamics. 
Pathological conditions can also change spines. Loss of spines can be due to epileptic seizures 
both in humans (Isokawa and Levesque, 1991), and in animal models (Drakew et al., 1996). 
Spine loss in the hippocampus may involve NMDA-R-mediated excitotoxic effects caused by 
strong synaptic activation. It can also be due to partial deafferentiation of pyramidal cells due 
to death of their afferents and loss of spines has been reported after sensory deprivation or 
lesions of synaptic afferents in rats (Valverde, 1971). These phenomena can be mimicked in 
vitro in hippocampal slice cultures (McKinney et al., 1999). Blockade of AMPA receptors or 
treatment with Bot-A (but not with TTX) induced loss of spines on pyramidal neurons, 
suggesting that deafferentiation causes loss of spines because the postsynaptic side cannot 
sense presynaptically released quanta of glutamate. The signalling pathways that translate
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 changes in AMPA or NMDA receptor activation into a change in dendritic spine configuration 
are unknown. Finally, numerous studies have attempted to correlate LTP with changes in spine 
morphology (Fifkova and Anderson, 1981; Desmond and Levy, 1988) (Geinisman et al., 
1991), and dendritic spine growth (Engert and Bonhoeffer, 1999; Maletic-Savatic et al., 1999), 
associated with synapses (Toni et al., 1999) has been reported in response to hebbian changes 
in synaptic efficacy in vitro.  
 
1.2.3. Synaptic stability  
Once synapses are formed, very little is known about their maintenance and modifications. The 
recent evidence that neurons continue to be generated in adulthood suggests that 
synaptogenesis must continue in the adult brain. Although in the PNS the accessibility of 
junctions has allowed studies over long periods of time in living animals (Lichtman et al., 
1987; Herrera et al., 1990), it is not clear whether CNS synapses are stable over a lifetime. In 
the late 80s, pioneering experiments were made to follow terminals on central parasympathetic 
ganglion cell soma in living mice. These experiments revealed extensive remodelling of 
terminal organization on the surface of these cells over periods of weeks (Purves et al., 1987).  
Synapse turnover is known to occur in the adult rat hippocampus across the estrous cycle 
(Woolley, 1999) when spine density fluctuates by 22-45 % over the course of a few days. 
Similar transient increases in spine density can be induced by estradiol and progesterone in 
ovariectomized animals. Interestingly, the new spines are selectively arranged in multiple 
synapse boutons, indicating formation of new postsynaptic elements on pre-existing 
presynaptic sites (Woolley et al., 1996). Moreover the effects are dependent on the action of 
NMDA receptors (Woolley and McEwen, 1994). 
Spine density also decreases naturally during normal aging (Bondareff and Geinisman, 1976). 
Two recent studies (see also subsection 1.1.1.1) analysed the issue of synaptic stability in adult 
brains, through a direct approach. Both groups followed GFP-labelled spines in the barrel and 
visual cortex of living mice (> two month-old), for periods of up to several months with the aid 
of two-photon microscopy. Although they reached somewhat different conclusions they both 
detected structural spine plasticity in adult animals. Grutzendler et al. found, that 20 % of 
spines were either added or eliminated over a four-month period in the visual cortex, whereas 
Trachtenberg et al. found a value of 40 % dynamic spines over a 8-day period in the barrel 
cortex. In both cases such numbers are not negligible indicating that adult neural circuits 
continuously remodel. The results seem to suggest that the size of the spines is a measure of 
Introduction                                                                                                                  Synaptic stability
 
 
 
 
16 
their stability. Thus, large spines appeared to be more stable (up to months or years) than small 
(thin or filopodia-like) spines (characterised by rapid disappearance or appearance events) in 
adult cortical circuits. The molecular mechanisms for these differences are not known. A 
potential candidate to regulate spine formation in mature networks is BDNF. Consistent with 
this possibility, TrkB signalling seems to be important for regulating spine number and their 
morphology in cerebellar cortex (Shimada et al., 1998), and BDNF can act as a dendritic 
morphogen (Horch et al., 1999). 
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1.3. A model system for studying mechanisms of plasticity: the hippocampus  
 
1.3.1. Memory processing and the hippocampus
The hippocampus is an ideal system to study the relation between circuitry and brain function 
because of its importance for memory processing, the amount of information known, and the 
tools available (especially animal models, electrophysiological and imaging techniques). 
Hippocampal damage in experimental animals or amnesic patients leads to two devastating 
consequences: loss of the ability to form new declarative memories (anterograde amnesia) and 
a loss of recently formed memories (retrograde amnesia). Thus, the hippocampus is necessary 
for the brain to convert short-term memory into long-lasting memory, a crucial process known 
as memory consolidation. Hippocampal function can also be characterised as a cognitive map 
theory (O'Keefe, 1979), according to which the hippocampus of rats and other animals 
represents their environment, locations within those environments, and their contents, thus 
providing the basis for spatial memory and navigation. In humans, the right hippocampus is 
viewed as encoding spatial relationships and the left part is rather associated with verbal or 
narrative memories (Frisk and Milner, 1990).  Moreover, the temporal information derived 
from the frontal lobes that is needed for a spatio-temporal contextual or episodic memory 
system is also thought to reside in the hippocampus. In fact, it is clear that even within 
memory, the role of the hippocampal region is selective both to a particular time window (after 
you learn you need the hippocampus only temporarily) and a particular aspect of memory 
processing (Bontempi et al., 1999; Teng and Squire, 1999). For example, immediate memory, 
the ability to repeat or recognize items just brought into consciousness, is intact in patients with 
damage to the hippocampal region (Squire et al., 1993), as are other cognitive functions. It 
seems that there are several memory systems in the brain: the neostriatum and cerebellum 
mediate procedural memory, the acquisition of motor skills and habits. A system that includes 
the amygdala mediates emotional learning and modulates the strength and consolidation of 
memories in other memory systems. Cortical regions are critical in short-term working 
memory, in the recognition of recently experienced stimuli, as well as in long-term declarative 
memory (Eichenbaum, 2000). A key principle that defines the role of the hippocampus in 
memory is the linkage of episodic memories through their common events and places, to link 
related recollections and thus to solve new problems.  
The discovery of LTP marked the beginning for the exploration of memory at the molecular 
and cellular level (Bliss and Collingridge, 1993). The role of NMDA receptor dependent 
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synaptic plasticity in learning and memory has been explored using both second (region 
specific) and third generation (region-specific and inducible) gene-knockout techniques. For 
example, these sophisticated experiments show that the CA1-hippocampal NMDA receptor is 
required for the formation of hippocampus-dependent spatial and non-spatial memories (Tsien 
et al., 1996), (Rampon et al., 2000; Shimizu et al., 2000). In contrast CA3-NMDA receptors are 
dispensable for memory formation and retrieval but seem to be necessary for the reconstruction 
of spatial maps using previously stored memories (that is CA3 NMDA receptors are necessary 
for the association of events and places) (Nakazawa et al., 2002). For a long time it has been 
thought that the mechanism that allows the hippocampus to consolidate and process memories 
ultimately uses structural changes in synapses. However, since synaptic structures and synaptic 
receptors are not stationary in the brain, but continuously turn over, and since the time window 
in which consolidation of memory is thought to occur is too large (weeks in rodents and years 
in humans), consolidation probably does not involve a single molecular cascade. The evidence 
that inducible knockout of the CA1-NMDA receptor during the fourth week after training (but 
not soon after training) had no effect on the retrieval or storage of memory (Shimizu et al., 
2000) suggests the existence of alternative mechanisms. For example, memory consolidation 
could require multiple rounds of NMDA receptor-dependent synaptic modification to reinforce 
the synaptic changes initiated during memory acquisition (a process called synaptic re-entry 
reinforcement or SRR). Without such reinforcement single memories would be lost due to 
synaptic decay. Of course, not all memories would have the same likelihood of being 
reactivated and consolidated. Preference would be given to particular memories important for 
the animal.  
Moreover, by providing a coherent input, the hippocampus would induce reinforcement of 
synaptic connections between cortical neurons, via cortical SRR. In other words, the 
hippocampus would act as a coincidence-regenerator for the coordinated reactivation of 
cortical neurons leading to a strengthening of their connections. 
According to this model conscious recall or sleep could trigger SRR (for a role of sleep in 
memory consolidation see review by (Siegel, 2001). Finally, it is intriguing to note that in this 
context, adult dentate granule cell neurogenesis could serve as a means to extinguish outdated 
memories that would otherwise overload the system. 
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1.3.2. Main areas and connectivity of the hippocampus
The hippocampal formation comprises four relatively simple cortical regions. These include 
the dentate gyrus (DG), the hippocampus proper (which can be divided into three sub-fields, 
namely CA3, CA2 and CA1), the subicular complex and the entorhinal cortex (Amaral and 
Witter, 1989). 
The hippocampus and DG appear as an elongated structure medially in the temporal horn of 
the lateral ventricle, produced by the invagination of the ventricular wall by the hippocampal 
sulcus (Figure 1). They belong to the allocortex and have a simplified laminar pattern 
compared with the neocortex.  
Two aspects of hippocampal connectivity are crucial for its functional role: the presence of 
extensive two-way connections with various cortical association areas, and of the direct and 
indirect connections with other limbic structures such as the cingulate gyrus and septal nuclei. 
The predominant afferent inputs to the hippocampus arise in the entorhinal area. The fields in 
the hippocampal formation are linked by unique and largely unidirectional connections. 
Neurons in the entorhinal area send their axons forming the so-called perforant path, to the 
hippocampus, where many end in the DG (but also to pyramidal cells). The axons of the 
granule cells of the DG (the mossy fibers (MF)), end primarily on the apical dendrites of the 
pyramidal cells in CA3. CA3 pyramidal cells send Schaffer collaterals to the apical dendrites 
of CA1 pyramids, and also extensive collaterals that terminate within CA3. From area CA1 a 
significant part of the information goes to the subiculum, and from there to the entorhinal 
cortex, thus closing the circuit. The entorhinal area receives afferents from nearby areas in the 
temporal lobe, and more distant cortical areas. All are association areas (that is not primary 
sensory or motor regions), which integrate various kinds of sensory information. Further 
afferents come from the septal nuclei (acetylcholine), monoaminergic cell groups in the brain 
stem, raphe nuclei (serotonin), and the locus coeruleus (norepinephrine). These modulatory 
pathways appear to control the firing rate of hippocampal cells (together with various kinds of 
interneurons, notably GABA-ergic basket cells that inhibit the pyramidal cells) in response to 
specific information from the entorhinal area. These may be related to degrees of attention and 
motivation, which we know have a profound influence on both learning and memory. 
Efferents of the hippocampal formation are directed via the subiculum towards association area 
of the temporal and frontal lobes and towards the cyngulate gyrus via the mammilary bodies 
and the anterior thalamic nucleus. These pathways are topographically arranged, so that regions 
of the subiculum project to different areas according to their relative position. 
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Finally a large number of commissural fibers connect the hippocampus of the  two brain sides, 
mediating a close cooperation between them. 
 
 
 
 
 
 
Figure 1: The position of the hippocampal formation in the rat brain is shown in this drawing 
of a preparation in which the cortical surface overlying the hippocampus has been removed.  
The hippocampus is an elongated, C-shaped structure with the long or septotemporal axis 
running from the septal nuclei rostrally (S) to the temporal cortex (T) ventrocaudally.  The 
short or tansverse axis (TRANS) is oriented perpendicular to the septotemporal axis.  The 
major fields of the hippocampal formation (except for the entorhinal cortex) are found in slices 
taken approximately midway along the septotemoral axis.  The slice pictured at top left is a 
representation of the summary of the major neuronal elements and intrinsic connections of the 
hippocampal formation. Abbreviations: DG, dentate gyrus; mf, mossy fibers; pp, perforant 
path; sc, schaffer collaterals. From Amaral and Witter 1989. 
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1.3.3. The mossy fiber pathway
The term “mossy fiber” (MF) was first used by Cajal (Cajal, 1911) to describe fibers in Golgi 
preparations of the hippocampus that anatomically resembled the fibers found in the 
cerebellum.  The large varicosities and filamentous extensions of the cerebellar and 
hippocampal MFs are reminiscent of moss and thus suggested the name of these structures. 
However it was Golgi (1886) who discovered that the mossy fibers are the axons of the dentate 
granule cells (GC) and that they form an extensive collateral plexus in the hilus before passing 
into the CA3 region. In rats, each of the approximately 1 million GCs (approximately 15 
million in humans) gives rise to a single unmyelinated MF axon that leaves the hilus to travel 
through area CA3 in a narrow band called the stratum lucidum. For most of its course through 
area CA3, the MF pathway can be considered the only true lamellar fiber system of the 
hippocampal formation because it shows only a limited degree of septo-temporal divergence. 
However, the MF pathway does make a significant longitudinal projection in the temporal 
direction (1-2 mm) once it reaches the border of CA1 (Amaral and Witter, 1989). Pyramidal 
cells in rodent area CA3c also receive a limited MF projection to the proximal basilar dendrites 
that is referred to as the infrapyramidal projection. The extent of the infrapyramidal projection 
varies across species and even across strains within species, and seems to correlate with the 
animal performance in spatial tasks (Blackstad et al., 1970; Schwegler and Crusio, 1995).   
The dentate granule cells have a unique mode of generation. All telencenphalic neurons, with 
the exception of the dentate granule cells, are formed in either the ventricular zone lining the 
lateral ventricles or in the overlying subventricular zone. Both zones are relatively far away 
from the sites where the mature neurons are found. The majority of the granule cells, however, 
are formed closer to the sites they occupy when they are mature.  Only a few of them are 
derived directly from the ventricular zone. In the rat the dentate ventricular zone is active 
between embryonic days 14 ad 17. Before the cessation of mitotic activity in the ventricular 
zone neuroblast and glioblast migrate from the dentate ventricular zone into the area of the 
future hilus where the cells establish a secondary proliferative zone referred to as displaced 
subventricular zone (Gaarskjaer, 1986). Granule cell development varies according to species: 
for example in the monkey, at least 80% of granule cells in the dentate gyrus are generated 
before birth, whereas only 15% of dentate granule neurons in the rat are born prenatally. The 
vast majority of granule cells are generated during the first 3 weeks after birth in the rat and 
few continue to be added at a slower rate through the first year of life (Rihn and Claiborne, 
1990). The temporal sequence of MF growth clearly reflects the pattern of granule cell 
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neurogenesis. From the level at which they originate, the fibers diverge along the septo-
temporal axis in such a way that the oldest GCs have the most extensive projections. MFs form 
synapses with excitatory and inhibitory cells of the hilus and area CA3. In the hilus the 
majority of synapses are with inhibitory interneurons and only a minority with excitatory 
mossy cells (140 versus 10 synapses of a single GC axon). In CA3 each MF provides 11-18 
synapses with CA3 pyramidal cells (at specialised multispine complexes called thorny 
excrescences). The MF projection to CA3 also provides a strong innervation of all types of 
interneurons that have dendrites in the stratum lucidum. These comprise both spiny and aspiny 
interneurons. Thus activation of the MF pathway may cause a net inhibition of the 
hippocampal CA3 network. But to determine the extent of this inhibition it would be critical to 
know whether or not interneurons activated by a given MF make synaptic contacts on 
pyramidal cells that also receive (excitatory) input from the same MF axon.  
In electrophysiological terms, to understand the role of the MF pathway, one would need to 
know by how much the firing rate of a given postsynaptic cell (e.g. CA3 pyramidal neuron) 
would change, for a given change in the average firing rate of a population of presynaptic cells 
(such as dentate granule cells). Anatomical and physiological considerations suggest that the 
perforant path provides by far the most input. In fact there are about 41 thorny 
excrescences/CA3 pyramidal neuron. From the elegant three-dimensional reconstructions of 
Chicurel and Harris (1992) and Acsady et al., (1998) we know that most single excrescence are 
contacted by just one mossy fiber bouton; moreover a single mossy fiber bouton innervates 
only a single pyramidal neuron (Chicurel and Harris, 1992). Thus, roughly 50 granule neurons 
could synapse onto a single CA3 pyramidal neuron (in contrast to e.g. single CA1 pyramidal 
neurons that may be contacted by as much as 13,750 CA3 pyramidal neurons from each side). 
This is to be compared to 4,000 perforant path synapses and 12,000 synapses from collateral 
axons that represent a much greater input to CA3 pyramidal neurons (Amaral et al., 1990). 
Even though the mean amplitude of unitary MF excitatory postsynaptic currents (EPSCs) 
recorded in CA3 pyramidal cell bodies is about 10-fold larger than that of collateral synapses, 
it seems reasonable that the MF pathway as a whole is expected to play a small role in the 
overall activity of CA3 pyramidal cells. Given also the relatively low and variable GC firing 
rate under normal conditions in vivo, it was proposed that one possible role of the MF input is 
to shift the function of the CA3 network (Urban et al., 2001). The MF pathway is distinct from 
other pathways in the hippocampus also because LTP induction is independent of NMDA 
receptor activation. The involvement of mGluRs, which interestingly appear to be differentially
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expressed at MF presynaptic terminals (Shigemoto et al., 1997), instead, seems to be similar to 
their involvement at other hippocampal synapses. In fact, as in Schaffer and perforant path 
synapses, LTP induction is blocked by an antagonist of a novel mGluR (Bashir et al., 1993). 
LTD of synaptic transmission at MF synapses is mGluR2-dependent and involves a 
presynaptic decrease of both cAMP and PKA activity (Tzounopoulos et al., 1998).  
 
1.3.4. A model for studying the hippocampus in vitro: the hippocampal slice culture technique
Questions related to the neurobiological basis of learning and memory made the hippocampus 
one of the most extensively studied areas of the mammalian brain.  In particular, the 
investigation of the cellular mechanisms involved, requires a preparation in which detailed 
observation and manipulation of the basic anatomical, electrophysiological and 
pharmacological features are possible.  
The acute slice preparation of the adult rat (Skrede and Westgaard, 1971), and cultures of 
dissociated cells of the embryonic hippocampus (Banker and Cowan, 1977) are commonly 
used in vitro preparations for physiological, developmental, and pharmacological studies. The 
prominent advantage of acute slices is that they retain the original cellular and connective 
organization of the hippocampus. Unfortunately, their short survival time in vitro, and the 
difficulty in identifying healthy cells and processes represent a limitation of this preparation. In 
contrast, in dissociated cell cultures, individual cells can be readily identified; however the 
separation of the cells leads to an artificial neuronal network that lacks the typical structural 
features of intact hippocampus. Organotypic slice cultures combine a number of advantages of 
the previously described systems. The intrinsic circuitry and cell types of the hippocampal 
formation are conserved, and the network matures to a large extent thus enabling 
developmental studies. The wiring of connections is of course changed in the layers normally 
dominated by extrinsic afferents like the perforant pathways, but synapses formed in response 
to their absence are most likely abnormal only with regard to location and number, just like the 
synapses formed after denervation of the layers in the brain (Zimmer and Gahwiler, 1984). 
Moreover these preparations persist for weeks in vitro, thus allowing long-term manipulations.  
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1.4. Starting point and goal of the thesis 
 
Structural changes at the synaptic level in adult brains are at present the most widely accepted 
mechanism to explain behavioural processes such as long-term learning and memory. Mainly 
due to intrinsic difficulties in studying pre-synaptic contributions, most attempts have focused 
so far on demonstrating activity-dependent changes at post-synaptic sites. Thus axonal 
dynamics of mature Central Nervous System neurons have not been studied extensively, and 
nothing was known about the stability of presynaptic terminals before this study. This issue, 
however, is important because it will tell us more about the extent and modes of structural 
plasticity in the brain and thus more about cellular and molecular principles underlying 
learning and memory.  
The goal of the thesis has been to investigate the relationship between anatomical 
rearrangements of axons, and in particular of pre-synaptic terminals, and synaptic activity. The 
expectation was that to study the activity-dependency of structural changes, if any existed, 
would provide potential indications about their physiological relevance. We tried to answer the 
following fundamental questions: 1) Do pre-synaptic terminals rearrange in mature networks? 
2) If so over which time scale? 3) By which mechanisms?. These studies are reported in section 
(2.2). 
 
To label and thus visualize axons and pre-synaptic terminals, we generated transgenic mice 
over-expressing different types and combinations of GFP-fusion proteins, specifically in 
subsets of neurons in the adult mouse. The careful characterization of this tool in various 
experimental settings was one of the first important aims in this PhD work. This was necessary 
not only to validate the use of the mice for our study, but also to demonstrate their significant 
advantages compared to previous technology, and their possible general usefulness in many 
other fields of neurobiology. The section (2.1) provides an account of these efforts. 
Results 
 
2. RESULTS 
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2.1.1. SUMMARY 
 
The level at which neurons and their synapses can be visualised in situ has consistently been a 
critical limiting factor to progress in neuroscience. With the advent of live imaging techniques it 
has become possible, in principle, to monitor the dynamics of neurons at the subcellular and 
molecular level. The present challenge is to apply those tools to single, identified neurons in a 
circuit. Here we generated and characterized targeted-Green Fluorescent Protein (GFP) 
transgenic mice that allow high resolution imaging of the neuronal membrane, the presynaptic 
compartment, or both simultaneously in single neurons in the mouse, and used this approach in 
three experimental paradigms to prove their general usefulness. First, high resolution confocal 
imaging of dendrites and spines in cytosolic versus membrane-targeted-GFP transgenic tissues 
shows that cytosolic markers are less suitable than membrane-targeted ones for visualizing the 
fine details of neuronal structure. Second, using membrane-targeted-GFP mice and live imaging 
we show that immature hippocampal granule cells in mature networks might use similar 
mechanisms to developing granule cells, in order to integrate into adult networks. Third, by 
time-lapse imaging in synaptophysin-targeted-GFP mice, we show that the dynamics of synaptic 
vesicles at developing NMJs can be followed in real time in living animals 
Our results indicate that these genetic tools could be advantageous to gain unique and deeper 
insights into the fine structure and dynamics of both central nervous system (CNS) and 
peripheral nervous system (PNS) synapses.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                                                                    27
Results                                                                                                      Targeted-GFP transgenic mice
 
2.1.2. INTRODUCTION  
 
Techniques to visualize neuronal morphology and synapses 
To understand fully at the molecular, cellular and circuit level the renowned complexity of the 
nervous system, both anatomical and functional studies are needed. These approaches may be 
extremely diverse, depending on the questions and interests that are addressed with the research. 
Traditionally, researchers, e.g. of neocortical microcircuits, have studied their function and 
deduced information on their connectivity (Martin, 2002). Recently, in vitro slice experiments 
on microstructure and physiology have provided a greater level of detail in the attempt to relate 
the structure of circuits to their function. This information is critical for understanding the 
processes that lead to brain dysfunction. Despite this effort, it is clear that we simply do not 
know enough about the fine anatomical structure of the mammalian brain. This information 
would also provide a cellular basis for cognitive processes and behavior. To this end, 
neuroscientists have developed a variety of techniques to visualize projections and connections 
of interest. Some of these methods, from the traditional use of staining techniques and dyes to 
more recent reporter based tracers, are briefly outlined here. A particular emphasis has been 
given to synaptic labeling techniques that are illuminating our view on the nervous system. 
Since the fundamental functional unit of the brain is the synapse, it is not surprising that an 
important aim was to try to visualize synaptic morphology and plasticity. Synaptic junctions are 
specialized dynamic structures, sites of extensive changes in response to a variety of stimuli. 
There are two classes of changes (Bailey and Kandel, 1993): changes in the strength of pre-
existing synapses without alterations of interneuronal connectivity ((Tanzi, 1893), for a review 
see (Martin et al., 2000)) and changes in circuit connectivity due to formation and elimination of 
synapses (Cajal, 1893, Dailey and Smith, 1996; Darian-Smith and Gilbert, 1994; Engert and 
Bonhoeffer, 1999; Harris and Woolsey, 1981; Lendvai et al., 2000; Maletic-Savatic et al., 1999; 
O'Rourke and Fraser, 1990; Purves and Hadley, 1985; Rajan and Cline, 1998; Toni et al., 1999; 
Wong et al., 2000). This dynamic view of the nervous system is starting to be widely accepted 
especially now that imaging techniques capable of visualizing synapses in real time are being 
further developed.  
 
Staining techniques, dyes (FM-dyes), reporter-based methods 
Traditionally, ultra structural and immunocytochemical studies gave us a static picture of 
synapses. Nevertheless, in particular the Golgi technique (Golgi, 1873) has had a tremendous 
impact since its introduction at the beginning of the 20th century and it is still the technique of 
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choice for investigation of samples that are not amenable for molecular genetic approaches (e.g. 
human samples). Other methods introduced in the 1970s and 1980s include staining for specific 
transmitters, or cell-type specific molecules, as well as microinjection of a wide range of 
anterograde and retrograde tracers (e.g. horseradish peroxidase, biocytin, the cytoplasmic lucifer 
yellow, etc.) (Callahan et al., 1998). With the advent of fluorescent dyes such as the 
carbocyanine DiI and DiO, it also became possible to look at neuronal morphology in living 
tissue, thus allowing the possibility of studying the dynamics of neurons and neuronal processes 
(Honig and Hume, 1989).  One application of this approach is the study of synapse morphology, 
formation and remodelling at the Neuromuscular Junction (NMJ) using dyes that label 
organelles concentrated at NMJ (Magrassi et al., 1987) (Balice-Gordon and Lichtman, 1990) 
and the use of lipophilic dyes (e.g. FM-dyes) to investigate synaptic vesicle (SV) trafficking at 
NMJ in vitro (Betz et al., 1992a) and SV dynamics in cultured neurons (Ahmari et al., 2000; 
Friedman et al., 2000). FM-dyes are based on the internalization of the compound during 
membrane recycling and represented the approach of choice to investigate activity-dependent 
SV dynamics in cultured cells and whole mount preparations for more than a decade. However, 
although they proved very useful, these techniques have intrinsic limitations. Dye labeling 
depends on the possibility of identifying and accessing the neurons of interest. For many classes 
of neurons this is not a feasible task. Some of the dyes present unspecific labeling and 
background problems and can even interfere with synaptic function (Balice-Gordon, 1997), and, 
as in the case of FM-dyes, an activity-dependent protocol of staining is necessary. 
Since discrete populations of neurons can be defined by patterns of gene expression, reporter-
based tracers have greatly increased the ability to label subsets of neurons and their processes. 
Markers like the lac-z product ß-gal have then been used to label specific populations of cells, 
and in the attempt to label processes a number of ß-gal fusion proteins have been introduced as 
first attempts in Drosophila, and also in mice (Mombaerts et al., 1996).  
 
GFP-based methods 
The discovery of Green Fluorescent Protein (GFP) and its variants ten years ago (Chalfie et al., 
1994) is leading to a revolution in cell biology allowing the ability to visualize and quantify 
molecules and events in living cells with high spatial and temporal resolution. One of the major 
advantages of genetically encoded fluorophores is that they can be fused to virtually any protein 
of interest and thus allow to study their subcellular localization. To exploit the GFP technology 
for the study of synaptic morphology and dynamics, ways to deliver the proteins in subsets of 
neurons have been devised. For example, by particle mediated gene transfer (gene gun) or viral-
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based approaches, GFP fusion proteins can be targeted in specific brain areas (Gan et al., 2000; 
Haas et al., 2001; Lo et al., 1994; Moriyoshi et al., 1996). Unfortunately these methods are labor 
intensive, difficult to control, often compromise cell viability extensively, and, e.g. in the case of 
gene gun, do not specifically label neurons (see Supplementary figure 1). 
To overcome this, genetic methods to express GFP or GFP fusion proteins in particular sets of 
neurons are available in model systems like Drosophila (Edwards et al., 1997), zebrafish 
(Higashijima et al., 2000), C. elegans (Nonet, 1999) and in mouse (van den Pol and Ghosh, 
1998). In particular, the use of a neuron specific promoter, the Thy.1 expression cassette 
(Caroni, 1997) to drive the expression of different spectral variants of cytosolic fluorescent 
proteins, proved to be a valuable tool to study neuronal morphology and dynamics in vivo (Feng 
et al., 2000; Walsh and Lichtman, 2003); (Grutzendler et al., 2002; Trachtenberg et al., 2002). 
However, the cytosolic nature of the fluorescent proteins could represent a serious problem 
when detailed morphological analysis is needed. In fact, small compartments like filopodia and 
tiny protrusions may be poorly represented, as the fluorescent signal is proportional to the 
amount of fluorophore that diffuses in a particular neuronal structure. Moreover, a way to 
monitor in vivo subcellular compartment (e.g. pre-synaptic compartments) dynamics in a non-
invasive manner in the mouse is currently lacking. Such a tool would allow imaging of 
specifically labeled sub-cellular compartments in living mammalian neurons without invasive 
manipulations.  
To address this problem, we generate transgenic mice expressing membrane- and/or synaptic 
vesicle-targeted spectral variants of GFP in a wide range of subsets of neurons and used this 
approach in a recent study that focused on presynaptic terminal dynamics in the hippocampus 
(De Paola et al., 2003). We now provide evidence from three experimental paradigms that this 
new approach can contribute a great deal to the study of synaptic structure and dynamics, both 
in the CNS and in the PNS. We thus document here the characterization of these mice in terms 
of expression patterns, morphology and physiology of expressing neurons. We then prove the 
potential of the tool in three different contexts. 
1) We first compared a cytosolic-GFP (cGFP) tracer with our plasmamembrane-targeted GFP 
(mGFP) marker in transgenic tissues. We demonstrated that our mGFP marker overcomes the 
intrinsic limitations of a cytosolic tracer to label entirely small neuronal structures, especially 
dendritic spines.  
2) We studied the dynamics of Synaptic Vesicles (SVs) at NMJs in vivo. This is the first report 
on the long-term behavior of SV clusters in living mice. SV clusters rapidly reorganize their 
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arrangement in developing NMJs. This molecular dynamism could be involved in presynaptic 
maturation and/or elimination.  
3) Finally, to demonstrate the importance of mGFP mice in the study of axonal plasticity we 
compared the dynamics of young versus mature hippocampal granule cell processes in the same 
mature neuronal network. This is the first report on the fine morphological details and dynamics 
of immature granule cell axons and dendritic spines in a mature network. These data provide 
evidence that some of the dynamic properties of synaptic structures are intrinsic to the neuron 
and not a property of the state of maturation of the network.  
Thus, targeted-GFP expression in a wide variety of transgenic mouse neurons allows visualizing 
the neuronal membrane and the presynaptic compartment in a non-invasive manner in both in 
vitro preparations and intact tissues. This may represent a decisive advantage for in vivo studies 
of both CNS and PNS synaptic junctions.  
 
2.1.3. RESULTS 
Generation of transgenic mice 
Mice are designated as follows: Thy1-mGFP (mGFP) express a plasmamembrane-targeted form 
of EGFP; Thy1-spGFP (spGFP) express synaptophysin-GFP fusion proteins; and Thy1-
mGFP/spRFP (mGFP/spRFP) co-express plasmamembrane-targeted EGFP and synaptophysin-
RFP in the same neurons (Fig. 1).  
Mice expressing GFP constructs specifically in adult neurons were generated using the mouse 
Thy1.2 expression cassette, as described (Caroni, 1997). We used two membrane-targeting 
domains fused to GFP: one consisted of the first 41 amino acids of the protein MARCKS, a 
plasmalemmal targeting sequence (Wiederkehr et al., 1997), fused to EGFP. The amino-terminal 
of MARCKS was modified to include palmitoylation sites at residues 3 and 4; the second used 
the first 41 amino acids of the growth-associated protein GAP43 (Aigner et al., 1995). No 
difference in cell morphology was found when the two different membrane-targeting domains 
were used in transfected cell experiments. spGFP or spRFP consisted of full-length 
synaptophysin fused to EGFP (Li and Murthy, 2001) or RFP (Red Fluorescent Protein). The 
appropriate localization was initially tested in both fibroblast cell lines (Cos-7 cells), and 
hippocampal neurons in culture (Fig. 1). As already reported (Moriyoshi et al., 1996) 
plasmamembrane-targeted GFP does not alter cell morphology and visualizes the whole cell 
membrane effectively. In contrast EGFP expression alone, diffuses very poorly in cells and in 
processes of cells in culture (Fig. 1). We tested further mGFP, spGFP and spRFP targeting in 
intact brain and muscle tissues (see later). 
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We generated 25 transgenic lines expressing a membrane bound form of EGFP (mGFP), 17 
expressing a synaptophysin-EGFP (SpGFP) fusion protein and 6 of synaptophysin-RFP/mGFP 
double transgenics. About 30 % transgenic lines expressed transgene in subsets of neurons  (see 
also reference (Feng et al., 2000)). The relatively high number of lines was needed to be able to 
reliably select the ones with useful expression patterns (see discussion). 
 
The over expression of the fusion proteins does not cause any detectable phenotype 
The transgenic mice had no detectable phenotype, and the expression of these transgenes did not 
affect neuronal physiology and morphology at the neuromuscular junction (NMJs) synapse. At 
spGFP-expressing end plates, quantal content (a measure of synaptic function) was not affected 
(Fig. 2). Moreover, to further characterize the behavior of spGFP clusters we tested their 
dispersal kinetics upon α-latrotoxin. This toxin stimulates vesicular exocytosis leading to 
massive neurotransmitter release. Upon α-latrotoxin application, spGFP containing Synaptic 
Vesicle (SV) clusters converted to a diffuse signal, suggesting that they fused to the membrane 
and followed the expected localization and dynamics of SVs upon neurotransmitter release (Fig. 
2). Paralysis-induced nerve sprouting at NMJs, a phenomenon severely deregulated in mice 
overexpressing full length GAP43 (Aigner et al., 1995) was within wild type levels in both 
GAP-GFP, and MARCKS-GFP-expressing nerve terminals (Fig. 2). Finally, neurons expressing 
different levels of the mGFP transgene exhibited undistinguishable morphologies in brain slices 
(not shown). These data confirm previous reports from the literature that indicate that mGFP and 
spGFP are suitable markers for the visualization of the neuronal membrane and presynaptic 
compartments respectively (Callahan et al., 1998; De Paola et al., 2003; Li and Murthy, 2001; 
Moriyoshi et al., 1996) and validate the use of membrane- and SV-targeted GFP markers in 
transgenic mice. 
 
Expression patterns in both CNS and PNS  
To find useful transgenic lines we characterized the expression patterns of more than 40 
different lines. As expected, the Thy.1 promoter drove expression mainly in neurons throughout 
the nervous system. Moreover, transgene expression at the protein level was occasionally found 
around blood vessels, and in glia, fibroblast and ependymal cells (not shown). 
In situ hybridization and conventional fluorescence microscopy were used to detect transgene 
expression at the mRNA and protein level respectively (Fig. 3). Besides the previously 
described property of the Thy.1 promoter of driving expression in a characteristic, yet unique, 
pattern from one line to the other (Caroni, 1997), we report also striking region-specific patterns 
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that can be exploited with the aid of targeted-GFP markers. For example, in the molecular layer 
of the DG, no expression, or spGFP specific expression in the Inner or Outer Molecular Layer 
(IML or OML) were found in L5, L1 and L17 respectively (Fig. 3a). This may be exploited in 
hippocampal lesion paradigms to study Enthorinal Cortex (to OML) or 
Commissural/Associational (to IML) sprouting at the level of SVs.  
Another compelling example of the utility of some expression patterns enabled by the Thy1 
promoter is the possibility of using the double transgenic mice (i.e. Thy1-mGFP/spRFP) for 
contemporaneous imaging of pre- and post- synaptic sites. For example in L24 virtually all CA1 
hippocampal neurons were positive whereas few pyramidal neurons were labeled in CA3 (Fig. 
3a). Given the high number of expressing neurons in CA1, spRFP positive single Schaffer 
collateral axon terminals will have high chance of contacting mGFP-expressing CA1 apical 
dendrites. This could in turn allow the simultaneous visualization of pre-and post-synaptic sites 
in Thy1-mGFP/spRFP slices. Similarly, in the cerebellum, Purkinje cell broad labeling 
combined with few granule cells in the same mouse could also allow to study parallel fiber-to-
Purkinje cell dendrite synapses in intact preparations of mGFP/spRFP mice (Fig. 3a).   
Furthermore, in the retina of L23 mice, the few horizontal cells enable the visualization of their 
connections to the more numerous ganglion cells (Fig. 3a). Importantly, mGFP expressing 
single cortical axons are clearly visible in the intact mouse cortex (Fig. 3b). Similarly, spGFP 
positive discrete clusters are detected in intact cortical regions, opening the important possibility 
of studying their dynamics in living animals (Fig. 3b, see later). 
Other regions of the Central Nervous System that presented transgene expression comprised 
main areas like cortex, hippocampus, cerebellum, brain stem, thalamus, all retina layers, and 
spinal cord but also less characterized nuclei (Fig. 3). In the Peripheral Nervous System (PNS) 
motor neurons and Dorsal Root Ganglia express transgenes with unique patterns in each line 
(Fig. 3b). To find out the percentage of expressing motor neurons in mGFP lines we compared 
the in situ patterns with cresyl violet staining (a staning protocol that reveals all cell bodies) in 
the lumbar spinal cord. For example in L5, L14 and L13 80 %, 26 % and 13 % of motor neurons 
express mGFP, respectively. This pattern was confirmed in a comparison of mGFP labeled 
axons and α-Bungarotoxin-red-labeled AcChR (Acetyl-choline receptors on muscle) that 
allowed to gain expression data for specific muscles. In the same mouse, different muscles 
contained different percentages of labeled motor axons. For example in L14 the diafragm 
muscle had almost 100 % of labeled terminals, whereas the pectoris muscle about 50 %. Thus 
independent analysis of the muscle of interest has to be undertaken to find the convenient 
expression in subpopulation of motor neurons. Finally, we provide two examples of the potential 
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represented by the Thy1-mGFP/spRFP double transgenic mice. First, in the cerebellum, MF 
glomerular terminals in the granular layer can be easily localized with the mGFP marker and 
both their morphology and the dynamics of the SVs inside (spRFP positive), eventually studied 
in whole mount cerebellar preparations from mGFP/spRFP mice (Fig. 3b). Second, at the NMJ, 
the expression of spRFP and mGFP in the same motor axon (Fig. 3c) should give the possibility 
of imaging (e.g. in the context of synaptic elimination) NMJ development and plasticity at the 
simultaneous level of identified terminals and SVs. Thus Thy1-mGFP/spRFP mice allow the 
contemporaneous imaging of the axonal membrane, important to identify the terminal type, and 
the correspondent SVs.  
These data demonstrate the correct targeting of mGFP, spGFP and mGFP/spRFP at the 
membrane and presynaptic compartment of CNS and PNS neurons in intact neuronal tissues. 
This opens the possibility that imaging of the neuronal membrane, and more remarkably of 
presynaptic SVs, can be carried out in vivo without any further manipulation other than 
presenting the synapse to the microscope objective. They additionally provide an important and 
useful baseline for a wide variety of applications of such transgenic mice.  
 
Examples of potential applications 
To prove the usefulness of these transgenic mice for the study of both synapse dynamics and 
structure we provide here three examples.  
1) Thy1-mGFP: high resolution imaging of dendritic spine morphology 
We first tested the hypothesis that a plasmamembrane-targeted variant of GFP (mGFP) in 
transgenic tissues might reveal details of fine neuronal structures that appear absent in cytosolic 
GFP (cGFP, or YFP) variant-expressing cells from transgenic mice (Feng et al., 2000). Since 
cGFP is starting to be widely used also for the study of central synapses in vivo (Grutzendler et 
al., 2002; Trachtenberg et al., 2002), we studied this important issue in the context of dendritic 
spine research. First, by quantitative analysis, we report that spine densities and categories in 
mGFP mice are comparable to those from electron microscopy and other membrane staining 
techniques data from naïve animals (Richards, D.A., De Paola, V., Caroni, P., Gähwiler, B.H. 
and McKinney, R.A., (2003a) (Fig. 4c). We then imaged dendritic branches from two of the 
most intensively studied brain regions: the hippocampus and the cortex. We compared cGFP-
expressing neurons (from (Feng et al., 2000)) versus mGFP expressing ones with high resolution 
confocal microscopy and deconvolution softwares. Representative examples are shown in (Fig 4 
a, b). At low magnification a major difference is evident: cGFP diffuses in apical pyramidal 
dendrites but, surprisingly, faintly labels the basal dendrites of CA1 and cortical pyramidal 
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neurons. mGFP, in contrast, labels both regions uniformly (compare Fig. 4a A and B). At 
higher magnification spines are visible in cGFP expressing neurons but outlines of spines are 
completely absent, limiting the use of this tool for spine size measurements and subtype 
classification. For example, all mushroom-shaped spines appeared to have a globular head in 
cGFP lines (Fig. 4a a1-a4 and 4b a1-a3). In contrast mGFP expressing spines revealed the 
typical diverse shapes (including craggy appearances of mushroom-shaped spines) seen from 
electron microscopic reconstructions and other membrane labeling techniques (Fiala et al., 
2002); Richards, D.A., De Paola, V., Caroni, P., Gähwiler, B.H. and McKinney, R.A., (2003a)) 
and are thus amenable for detailed size measurements and monitoring (Fig. 4a b1-b4 and 4b b1-
b3). Since spine size is closely related to synaptic strength (Nimchinsky et al., 2002) the 
advantage represented by the mGFP marker for high-resolution analysis of both spine structure 
and dynamics appears considerable. We noted the greatest difference between the two markers 
when the complexity of the spine arrangement along dendritic segments was maximal, as in 
primary dendritic branches. In fact, in these segments, the bright dendritic shaft fluorescence 
signal literally covers the numerous spines that emerge from the surface of it, thus limiting the 
use of this tool for high resolution imaging of complex dendritic regions. When the gain is 
reduced, several protrusions, with far less fluorescence signal than the one coming from the 
dendritic shaft, are no longer visible in cGFP dendrites. In contrast, under the same conditions, 
mGFP-labeled complex dendritic regions can still be detected at the level of single filopodia and 
spines (Fig. 4b b1). To directly test the hypothesis that mGFP labels structures not labeled in 
cGFP neurons we are in the process of injecting membrane-labeling dyes (DiI) in cGFP 
expressing neurons. Thus, since mGFP expressing spines seem to reveal the known complex 
outlines of spine heads and necks, whereas cGFP spines do not, these data show that the cGFP 
marker is unsuitable for high-resolution confocal imaging of dendritic protrusions and indicate 
that mGFP could be an appropriate alternative.  
 
2) Thy1-spGFP: SV dynamics in vivo 
Information on the behavior of SVs in living animals is currently lacking primarily due to the 
fact that there are few possibilities to specifically label them. At present in fact, the closest 
approximation of in vivo behavior of SVs in mice has been achieved through staining live whole 
mount muscle preparations with fluorescent dyes (Betz et al., 1992a). Although elegant, this 
method has some limitations including the need of an activity-dependent protocol for staining 
that could itself influence SV dynamics, as outlined in the introduction. Information on the 
dynamics of SVs in unperturbed systems is important. For example, at the NMJ, such 
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information in living animals could give important insights into the precise defects that 
characterize motor neuron diseases. Are SVs dynamic in adult nerve terminals? Are SV 
dynamics perturbed in the diseased NMJ? To date there are no satisfying answers to these 
questions. We show here that with our approach these questions could begin to be answered. We 
report the successful in vivo repeated observations of SV clusters at developing NMJs using 
Thy1-spGFP transgenics. SV dynamics can be visualized at the level of individual clusters up to 
months without inducing photo toxicity or bleaching (Fig. 5). There are three lines of evidence 
that indicate that the SpGFP signal reflects the known arrangement of SVs at NMJs. First, in 
early postnatal stages of development (as early as P4), at low magnification, live spGFP signal 
was visible as a diffuse signal that outlined the motor axon and the terminal zone. In addition to 
this diffuse signal, discrete spGFP-containing vesicle pools (VP) with irregular shapes become 
visible at high resolution and magnification (Fig. 5 b-d). At later stages (P20) the spGFP signal 
was uniformly distributed at the terminal region and discrete puncta were evident at high 
magnification as more regular clusters both along the motor axon and at the terminal region 
(Fig. 5 h). This arrangement closely resembled the patterns found in different muscle types and 
in different species with presynaptic and SV markers including FM1-43, synaptophysin, 
synuclein and 4-di-2-ASP staining (Balice-Gordon and Lichtman, 1990; Betz et al., 1992a; Betz 
et al., 1992b) (Dekkers, 2001) (Brandon, 2003) (Quattrocchi et al., 2003). Second, although 
fixation protocols (see methods) lead to aggregation of spGFP signal (not shown), analysis of 
synaptophysin immunoreactivity in spGFP mice indicates that the vast majority of 
synaptophysin-containing vesicles are also spGFP positive (> 95%, n = 22 NMJs from 4 
different muscles). Third, the data in Fig.2 together with these latter data support the notion that 
the spGFP signal has essentially a pre-synaptic localization consistent with the known VP 
arrangements. Repeated observations of SVs from tibial muscles in vivo, reveal that SV 
dynamics can be followed with high resolution using our approach. Discrete clusters 
reorganized their spatial arrangement over 1 day at living NMJs (n=12) (Fig. 5 h-i). We detected 
putative splitting events, fusion of smaller clusters into bigger ones as well as disappearance or 
appearance of clusters (Fig. 5 f-i). 
Finally, it is remarkable to note that the spGFP signal appeared in a punctuate pattern also in the 
intact cortex and clusters were clearly visible with conventional fluorescence microscopy (Fig. 
3b). We anticipate that with two-photon microscopy also central SV clusters in deeper cortical 
layers could be followed in vivo. In summary, Thy1-spGFP mice allow the study of peripheral 
as well as central SV dynamics in living animals. Such tool could be advantageous in defining 
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the properties of mammalian presynaptic compartments (e.g. sorting of synaptic vesicle proteins 
or trafficking of vesicles to terminals).  
 
3) Thy1-mGFP: axonal and dendritic dynamics of immature granule cells  
It is a well-established phenomenon that the adult mammalian hippocampus undergoes 
neurogenesis in the dentate gyrus. The rate of neurogenesis can be influenced by environmental 
factors. These newly generated GC extend the axon towards CA3, fire Action Potentials (AP) 
and receive inputs from the perforant path (van Praag et al., 2002). At present little is known 
about subcellular mechanisms that newly generated neurons employ to integrate in the adult 
network (Carleton et al., 2003). This knowledge might be important to better define the 
functional significance of these immature granule cells. At present few methods allow the 
visualization of new granule cells. These methods are either not suitable for structural analysis 
in living tissues (e.g. BrdU labeling), or use viral infection (van Praag et al., 2002), a notoriously 
invasive method. We found that the Thy1.2 expression cassette has the capability to turn on 
transgene expression in immature granule cells in a fraction of transgenic lines (Fig. 6). 
Anatomical observations suggest that the neurons corresponding to a fraction of imaged axons 
and dendrites are indeed immature granule cells. Characteristic features of young granule cells 
include: location in the Dentate Gyrus (DG), granular shape of cell body, simple dendritic arbor 
(mainly only one basal dendrite), virtually no spines on the dendrite, highly motile filopodia-like 
spines and highly motile growth cone filopodia at the end of axonal branches (Fig. 6). These 
features were in sharp contrast with the ones we described for more mature axons and dendrites 
belonging to mature granule cells in the same hippocampal cell layer (De Paola et al., 2003), 
thus allowing for unequivocal discrimination of the two cell types (see methods). In summary, 
in Thy1-mGFP expressing slices it is possible to visualize with high resolution the neuronal 
membrane of young granule cells in a mature hippocampal network. Both the dendritic and 
axonal compartments with their post- and pre-synaptic structures are clearly visible (Fig. 6) thus 
allowing for the study of their arrangement and dynamics in living neurons and for a comparison 
with those of mature neurons. We used both hippocampal slice culture preparations and acute 
whole mount preparations to investigate these issues.  
Immature granule cells extended their axons before their dendrites were fully developed, and 
started axonal branch formation independently of dendritic input (n = 4 granule cells). However, 
typical MF terminals were not yet present at this stage and probably need dendritic input to 
form. In contrast, numerous foci of filopodial dynamic protrusive activity (see later) as well as 
growth cones at their tips were detected along the axon of young granule cells (Fig. 6). This 
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appearance strongly resembled the morphology of developing MF (Dailey et al., 1994) raising 
the interesting possibility that these axons could use similar mechanisms to developing ones to 
navigate in a mature network.  
To test this possibility further we repeatedly imaged young granule cell axons over days in 
mature slice cultures. In particular we asked the question of whether the young granule cell 
axons actually develop (branch, elongate or retract) in slices and if yes by which mechanism. 
Young granule cell axons elongated in mature hippocampal slices, resulting in a net increase in 
axonal complexity over 1d. Importantly, this increase was achieved by a subsequent process of 
extension-retraction likewise developing axons (Fig. 6).  
One prediction of this scenario is that processes that accompany the development of axons in 
developing networks characterize also these developing axons in mature networks. For example, 
it is known that short-term axonal and dendritic dynamics, like rapid extension and retraction of 
filopodia, mediate axo-dendritic contact and synapse formation during development (Ziv and 
Garner, 2001) and to a less extent in mature systems (De Paola et al., 2003). To determine which 
plays a dominant role, the degree of the maturation of the neuronal network or the individual 
neuron, we compared short-term dendritic and axonal dynamics of young versus mature granule 
cells in the same Thy1-mGFP slices, by time-lapse fluorescent microscopy. Consistent with the 
notion that young granule cells in mature networks follow a cell autonomous program of 
maturation, we found that axonal varicosities and filopodia as well as dendritic spines from 
immature granule cells were more dynamic than mature MF in mature hippocampal slice 
cultures (Suppl. Videos 4-8). This was true for both the number of events per µm, and for the 
extent of each event (n = 13 granule cells). Moreover, we were able to demonstrate that young 
granule cells display similar morphology and behavior with respect to axonal filopodial motility, 
in intact whole mount preparations (Fig. 6). These data support the notion that axonal as well as 
dendritic STDs are an intrinsic property of the neuron and not a function of the maturity of the 
neuronal network. They also suggest that these newly born cells might use similar mechanisms 
to developing granule cells, in order to integrate into adult networks (Ziv and Smith, 1996). 
 
2.1.4. DISCUSSION 
 
The development of imaging techniques enabling the visualization of synapses in real time has 
recently led to a number of discoveries pointing to an unsuspected plasticity of synapses (for 
reviews see the “25 Oct 2002” issue of Science). We developed targeted-GFP transgenic mice 
with selective expression in many classes of neurons that could be useful in this context. 
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We first report the characterization of the expression patterns and targeting of the GFP-fusion 
proteins in ex vivo specimens.  The GFP fusion proteins in intact specimens do not appreciably 
alter neuronal morphology and physiology, in accordance with previous studies predominantly 
made in dispersed culture systems.  
We illustrated the unique applications of this tool with three examples. 
We first compared our plasmamembrane-targeted variant of GFP (mGFP) with cGFP in 
transgenic tissues. The analysis was focused on dendritic spines because these tiny structures are 
sites of extensive studies given their direct involvement in synaptic communication and 
information processing. We found that cytosolic forms of GFP are less practical for high 
resolution imaging of these small protrusions, due to the fact that the fluorescence signal is 
proportional to the volume of the structure imaged. While cGFP transgenic lines enable 
relatively large compartments like cell bodies, primary dendritic shafts, or NMJ terminals to be 
clearly visible, they do not allow the proper visualization of the entire dendritic arbor and of 
outlines of spines and small protrusions. The information on the outlines of spines is precious. 
The outlines of spines disclose their enormous diversity and complexity of arrangements that 
underlie and hold important functional implications (Harris, 1999). Additionally, the ability to 
visualize the outlines of spines has the advantage of allowing spine shape monitoring over time. 
The ability to visualize spine shape changes in intact tissues in mGFP mice will encompass an 
important entry point to tackle the unknowns of spine motility research with particular regard to 
its functional role in vivo (Bonhoeffer and Yuste, 2002). Our method of visualization in living 
or fixed tissues enables the visualization of entire (both basal and apical) dendritic arbor 
including the outlines of complex spine regions (e.g. Fig. 4b b3), thus overcoming the intrinsic 
limitations of cGFP tracers in neurons of transgenic mice. This method should thus allow in vivo 
imaging of dendritic as well as axonal dynamics with new and striking detail.  
To establish the potential of synaptic vesicle targeted-GFP (synaptophysin-GFP, spGFP) and of 
mGFP/spRFP double transgenic mice, we studied the dynamics of Synaptic Vesicles (SVs) at 
NMJs in vivo, and show the first images of SVs in the mammalian cortex ex vivo. We show that 
the fusion protein is correctly targeted to synapses, and that we can visualize SV dynamics in 
living animals up to months without inducing photo toxicity or bleaching. What comprises the 
Vesicle Pool (VP) labeled by spGFP? Careful qualitative and quantitative analysis of 
hippocampal synapses expressing the marker shows that spGFP labels all SVs, including small 
active zone precursors known to carry SV membranes (Ahmari et al., 2000; De Paola et al., 
2003; Li and Murthy, 2001). At NMJs the patterns of staining reflects the variability in VP 
arrangement and density known for different motor nerve terminals (Reid et al., 1999). 
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Moreover, postsynaptic receptors are apposed to spGFP clusters, suggesting that they are 
involved in terminal function. Finally, in mGFP/spRFP NMJs, RFP is clearly targeted to the 
terminal active zones by our SV targeting domain (Fig. 3c). Thus spXFP is a reliable SV marker 
at both central and peripheral terminals. When we used this approach to follow SV puncta at 
living motor neuron terminals we noticed a striking dynamism. At postnatal stages of 
development, after synapse elimination occurred (e.g. P18), clusters of SVs reorganized by 
changing their position, splitting or fusing over 1 day observation period. This was true also for 
sensory innervation known to contain synaptophysin microvesicles (De Camilli et al., 1988) 
(Fig. 5 j-m) suggesting that displacement of SV clusters may serve more general functions in 
living mammalian terminals. This molecular dynamism could be implicated in the maturation of 
presynaptic compartment at late postnatal NMJs. However, further experiments on earlier and 
later stages of development as well as employing mutant mice (e.g. NCAM KO) will clarify the 
implications of this dynamism for presynaptic function at PNS terminals.   
Of note is that the spGFP signal is also detectable in a clear punctuate pattern in intact cortical 
regions (Fig. 3b). With the aid of two-photon microscopy (Denk and Svoboda, 1997) SV 
clusters could then be followed in vivo in deeper cortical areas. This approach could 
significantly contribute to the rapid elucidation of the plastic properties of presynaptic terminals 
in living mice (De Paola et al., 2003). Finally, in mGFP/spRFP mice, visualization of synapse 
(pre- and post- simultaneously) formation/elimination in living specimens could then be possible 
using lines that have a combination of broad and restricted expression patterns (e.g L24 Fig. 3a).  
In summary, SV-targeted-XFP mice allow the study of central as well as peripheral SV 
dynamics in living animals in a non-invasive manner. We are currently crossing these mice with 
genetic models for motor neuron diseases (e.g. ALS) with the hope of characterizing the defects 
in nerve terminal function at this level. 
Finally, to show further the applications of mGFP mice we compared the dynamics of young 
versus mature hippocampal granule cell processes in mature hippocampal tissues. We found that 
the Thy.1 expression cassette occasionally drives expression in newly born hippocampal granule 
cells. Thus, these young neurons appear as intermingled to mature granule cells in the same 
network. Given the expression of these lines in subsets of neurons and the great detail obtained 
with the mGFP marker, we were able to study the fine morphological details and dynamics of 
young granule cell processes and to compare them to mature granule cell ones in the same 
network. The biological function of adult neurogenesis is poorly understood. We began to 
appreciate the fine morphological details and dynamics of immature granule cell axons and 
dendritic spines in a mature network. We show that young neurons develop in culture and that 
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axons and dendrites are characterized by more prominent short-term dynamics than those of 
mature cells in the same mature network (Fig. 6 and supplementary videos). This is evidence 
that short-term neuronal process dynamics are a cell autonomous phenomenon. Since young 
axons elongate in the mature network with features typical of developing axons, these data 
suggest also that newly born cells might use similar mechanisms to developing granule cells, to 
integrate into adult networks. Consistent with this hypothesis is the recent report on the 
development of newly born olfactory neurons in the mouse olfactory bulb (Carleton et al., 
2003). It will be important to study the regulation of young axon maturation processes with 
respect to both identity of guidance cues and roles of activity. We believe that our approach will 
have great impact in these investigations given the relative simplicity of the system and its ease 
of manipulation. These data outline the importance of this neuronal marker also for the study of 
axonal plasticity.  
The main limitation of this genetic tool is that the identity of labeled neurons cannot be pre-
selected. Several brain areas and subregions are “preferred” by the promoter (e.g. retina 
ganglion cell layer, all cortical layers, cerebellar GCL and PCL, hippocampal CA1). Yet, in our 
experience virtually all brain areas would occasionally have some detectable expressing 
neurons. A careful analysis of expression patterns is then needed to obtain labeled neurons of 
interest. Our approach promises to be a substantial aid to future research in a wide variety of 
fields of neurobiology, especially in the area of in vivo imaging of synaptic dynamics where the 
detail of investigation is crucial. Brain disease research is another context in which axonal and 
dendritic structure analysis are important. Moreover, the specific targeting of GFP in neuronal 
compartments of transgenic mice enables Fluorescence Recovery After Photobleaching (FRAP) 
analysis that could be helpful in investigating membrane as well as SV dynamics (Richards, 
D.A., De Paola, V., Caroni, P., Gähwiler, B.H. and McKinney, R.A., (2003b).  
 
In conclusion, targeted-GFP expression in adult neurons of transgenic mice allows non-invasive, 
high resolution molecular imaging of both PNS and CNS synaptic junctions, in vitro and in vivo. 
This approach should be helpful in accelerating and deepening our understanding of synaptic 
development and plasticity at both CNS and PNS synapses. 
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2.1.5. MATERIALS AND METHODS 
 
Constructs and mice. The first 41 aa of MARCKS and GAP-43 were generated by PCR using 
human MARCKS and GAP-43. pCDNA3 (clonetech) was the vector chosen to clone the EGFP-
fusion proteins and the three different constructs were then cloned in the XhoI site of the linker 
sequence of a modified Thy1.2 promoter cassette (Evans et al., 1984; Kelley et al., 1994). 
pcDNA3-IRES-EGFP vector (Invitrogen, 5446 bp) was chosen to clone mGFP and spRFP on 
the same construct.  IRES corresponds to an internal ribosomal entry signal sequence for 
bicistronic mRNA transcripts expressing mGFP and spRFP. The plasmid containing Thy1.2 
expression cassette was cut with NotI and PvuI to remove vector sequences. The resulting 
constructs were checked by restriction digestion, purified and injected into pronuclei of B6 F1 
zygotes according to established procedures (Hogan et al., 1994).  
In all steps the EGFP fusion genes and all cloning junctions were checked by DNA sequencing. 
Transgenic founders were identified by either by fluorescence microscopy or by PCR analysis 
on mouse tail DNA, using primers EGFPSense (5’-xxxxx-3’) and EGFPAntisense (5’-xxxxx-3’) 
specific for EGFP sequences. PCR reactions were performed in 25 µl total volume containing 
50 mM Tris-HCl (pH 9.2), 0.1% Tween-20, 0.2 mM dNTP, 2.5 U Taq polimaerase, and 1 µl 
mouse tail DNA. Mouse tail DNA was prepared by digesting 2–3 mm of mouse tails overnight 
at 55 0C with proteinase K (15µl of 10mg/ml stock solution) in TNES (Tris 50mM pH 8, EDTA 
100mM, NaCl 36mM, 10% SDS, H2O). After 6' of centrifugation the supernatant was diluted 
1:50 in ddH20 and 1µl of this dilution was then used for PCR screening. 
The amplification of the DNA was performed in a Perkin Elmer Cetus Thermocycler using the 
following program: 1 initial cycle of 3 min denaturation at 94º, followed by 33 cycles of 30" at 
94ºC, 30" at 58ºC and 40" at 72ºC and a final extension for 5' at 72º. 
One transgenic founder was used to generate independent lines by crossing with wild-type 
animals (B6 males with C57B16 females).  
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Live imaging. For in vivo imaging of NMJs, animals of age between postnatal day 4 (P4) and 2 
month were used. They were anesthetized with either brief (15’ at 4 0C) exposure to cold 
temperature (for P4-P6 old animals), or a mixture of Rampoon and ketamine (for older animals). 
The hind limb muscle exposed by dorsal cut. Skin muscles and connective tissue removed to 
access directly the muscle. Confocal imaging and conventional microscopy were used to study 
nerve terminal dynamics in vivo. Mice were returned to their cages after suturing the wound 
with a surgical glue (Vet glue, CH). 
 
Confocal imaging of dendritic spines. Mice (three months old) expressing the cytosolic form of 
YFP and the membrane tagged form of GFP under the Thy-1 promoter were perfused 
transcardially according to protocols described elsewhere. Briefly, mice were first perfused with 
Lactated Ringer's solution (Ringer's solution containing 50% sodium lactate) at 4 oC and 
subsequently with a fixative solution containing 4% paraformaldehyde at room temperature. 
Coronal sections of thickness 40-50 microns were taken in a vibratome.  
Confocal images were taken in an Olympus Fluoview system, and deconvolved using the 
Huygens deconvolution software. Confocal stacks of thickness 0.15 microns were taken 
throughout the thickness of the dendrite and reconstructed to get the three dimensional view. 
 
Histology, immunocytochemistry, cell culture. Neuromuscular synapses and their innervation 
patterns were visualized by the silver esterase reaction, as described (Caroni, 1997). Where 
indicated, purified Botulinum toxin A (Botox, clinical grade, Allergan AG, Lachen, 
Switzerland) was applied at 0.01 Units per g mouse (1-3 months old). For immunocytochemistry 
of muscle tissue mice were perfused with 4% paraformaldehyde-containing PBS, and cryostat 
sections were incubated with antibodies, as described (Caroni, 1997). Paralysis-induced nerve 
sprouting was analysed as described (Frey et al., 2000). Briefly, 0.01U per g of Botulinum toxin 
A were injected into one triceps surae, and cryostat sections were analysed with the combined 
silver esterase reaction 7-14 days after toxin treatment. Sprouting synapses in medial 
gastrocnemius and soleus were mapped systematically, and the results were displayed as 
percentages of synapses with sprouts along the synaptic band at a defined position of the muscle 
(Frey et al., 2000). 
α-Bungarotoxin whole mount stainings of neuromuscular synapses were performed as 
following: freshly dissected medial gastrocnemius was placed into 4 °C L15 Medium (Gibco). 
After cooling down, the tissue was incubated with RITC α-Bungarotoxin 10-20 µg/ml for 2h on 
ice. After rinses with L15, the tissue was fixed in 2% parafomaldehyde (PBS) for 12h on ice. 
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Single fibres were pulled out and embedded for fluorescence microscopy. 
Cell lines (monkey kidney epithelial cells COS-7) were obtained from American Type Cell 
Culture Collection, and cultured in DMEM supplemented with 10% FCS, or 10% horse serum 
and 5% FCS, respectively. Hippocampal neurons were isolated from newborn (P0-1) mice. 
Briefly, hippocampi were triturated and cells were washed in Hepes-buffered Hank's medium. 
Cells were then resuspended in culture medium (Neurobasal (GIBCO), with 0.5mM L-
glutamine, 25mM glutamate, and 1% B27 supplement (GIBCO)), and plated at a density of 
20'000 cells per 18mm poly-L-lysine coated coverslip. 
Hippocampal slice cultures were transfected using the Helios Gene Gun System (Bio-Rad, CA). 
Plasmid (mGFP) was precipitated onto gold microcarrier particles (1 µm diameter). The DNA 
loading ratio was 8 µg/mg gold. Culture slices were transfected at 8–20 days in vitro (DIV) and 
returned to the incubator for 2–6 days post-transfection. 
 
Electrophysiology. EDL or soleus muscles with their nerves were dissected from the mice 
under metofan anesthesia; subsequently animals were killed by cervical dislocation. Nerve-
muscle preparations were pinned out in a Sylgard-coated recording chamber. The nerves 
were sucked tight into polyethylene stimulating electrodes pulled from polyethylene tubing. 
Whole cell patch-clamp pipettes with a resistance of 5-10MΩ were pulled from borosilicate 
glass and filled with 3mM KCl. For Quantal Content measurement, standard electrophysiology 
techniques were used to record miniature endplate potentials (mepps) and evoked endplate 
potential (epps) in a high Mg2+ and low Ca2+ balanced salt solution (pH 7.4) containing (in 
mM): 150 NaCl, 5.4 KCl, 12 MgCl, 2 CaCl, 10 HEPES, 13 glucose. For Facilitation and 
Calcium Sensitivity measurements, evoked Epps (recorded at 1Hz for 1min) alone were 
recorded in normal balanced salt solution (pH7.4) containing (in mM): 150 NaCl, 5.4 KCl, 2 
CaCl, 1 MgCl, 10 HEPES and 13 Glucose. 2.1µM d-Tubocurarine chloride was added to block 
muscle contraction. The stimulation frequencies for facilitation were 100 Hz for 1 sec. 
Endplate potentials were recorded from two to three superficial layers of muscle fibers 
distributed over the whole muscle surface and single muscle fibers were impaled near the 
motor end plate. The initial resting potentials were between –65 to –80mV and remained 
stable throughout the duration of the experiments. EPPs were accepted when rising time was 
below 2ms. Potentials were recorded via an intracellular amplifier (AxonClamp 2B) and 
analyzed using digidata 1200 A and Axonscope software (20 kHz sampling rate; Axon 
instruments). 
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2.1.6. FIGURES 
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2.1.7. FIGURE LEGENDS 
 
Figure 1: Constructs used for the generation of transgenic mice. 
(a) Three different constructs were designed which resulted in the expression of three GFP 
fusion proteins in transgenic mice: a plasmalemmal-targeting domain fusion with GFP (mGFP), 
a synaptophysin-GFP fusion protein (spGFP), and a combination of the two (mGFP/spRFP).  
(b-o) mGFP is a reliable marker of the neuronal membrane. (b-d, f, g) Cytosolic-EGFP-
transfected Cos-7 cells. (b) Low magnification fluorescent picture showing a representative 
field. (c, f) Phase contrast pictures whose corresponding fluorescent pictures are in (d) and (g). 
Note that the fluorescence signal, even at high levels diffuses poorly in the cytoplasm and fills 
neither the outline of these cells (arrows in d and g), nor their processes (arrows in g). (e) Low 
magnification of a representative field from mGFP-transfected fibroblasts. Note that cells appear 
completely stained, including their processes. (h) Phase contrast picture of mGFP positive cells. 
(i) Corresponding fluorescent view. (j) Merge. Note clear processes in (i) (arrows). (m-o) mGFP 
labels the axonal membrane in hippocampal neurons in culture. (m) Phase contrast picture of a 
neuron showing its cell body and processes at 25 DIV. (n) Corresponding fluorescent picture. 
Note clear signal around dendrites and cell body of mGFP positive axons surrounding a non-
transfected neuron. (o) Merge of (m) and (n). 
 
Figure 2: Transgenic mice over-expressing GFP fusion proteins have no detectable phenotype. 
Top row: spGFP-expressing SV clusters fuse to the membrane upon α-latrotoxin (Ltx). The 
three top panels show repeated observations of the same spGFP expressing NMJ over a 120 
min. observation period in whole mount soleus muscles. Note that spGFP clusters (arrows in 
first two panels) get diffuse 2h after Ltx applications (arrows in third panel), suggesting their 
correct fusion to the membrane. Second row: the first panel shows the Ach-R staining 
corresponding to the last image of first row (120 min). In the second and third panel a 
representative example of repeated observations in control conditions is displayed. Note cluster 
maintenance over the 2h period. The correspondent Ach-R staining is shown in the first panel of 
third row. 
The second and third panels of third row show silver esterase staining of mGFP muscles. mGFP 
expressing NMJs do not exhibit sprouting. 
Quantal content (EPP/MEPP) of spGFP muscle fibers is under control values (graph, fourth 
row). Scale bar: 15 µm. 
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Figure 3: Expression patterns of transgenic lines in both CNS and PNS. 
(a) Expression of GFP transgenes in different brain areas. The first 2 panels show in situ 
hybridization on hippocampus of Line 24. Note broad expression in CA1 (black arrows in first 
panel) and restricted in few neurons in CA3 (arrowheads). A higher magnification view is 
shown in the second panel with arrows pointing to proximal apical dendrites that also express 
the transgenic mRNA. Overview of the brain of L14 (mGFP) at the protein level. Note DG 
specific expression in hippocampus and low expression in cortex (Cx) and cerebellum (Ce). Th, 
thalamus.  
Second row: the hippocampus of L5, L1 and L17 (spGFP lines) are displayed in first, second 
and third panel respectively. Note no expression in the molecular layer (arrowheads, IML; 
arrows, OML) of the DG in L5; IML-specific expression (arrowheads) in L1 and OML-specific 
expression in L17. These lines might be useful to study sprouting in the hippocampus. 
Third row: overview of frontal cortex at mRNA level in L20 (mGFP, first panel)). Enthorinal 
cortex and thalamus mRNA expression in L14 (mGFP, second panel). 
Fourth row: Examples of different expression patterns in lines expressing in the cerebellum. 
First panel shows broad Purkinje cell labeling (arrows) and restricted expression in few neurons 
in the granular layer (arrowheads) of L6 (mGFP). Second panel shows mRNA expression in 
brain stem nuclei projecting to the cerebellum in L10. spGFP expression in the granular layer of 
the cerebellum (L5) is represented in the third panel. mGFP expression in the granular layer of 
the cerebellum (L13) is represented in the fourth panel. 
Fifth row: expression patterns in the retina. First panel shows a low magnification of a 
transverse section through the L19 eye. Note mRNA positive-ganglion cells (arrows) and at 
higher magnification also few horizontal cells (arrowhead, second panel). Third panel presents 
an example of the protein (mGFP) expression in the ganglion cell layer (arrows) of L19. 
(b) Glomerular synapses in a whole mount cerebellar preparation in a mGFP/spRFP mouse. 
mGFP, spRFP signal and the merge are shown in first, second and third panels of first row. 
Second row is a magnified view of the area delimited by a rectangle in first row. Note clear 
colocalization of mGFP and spRFP at glomeruli (arrowheads). 
Single axon in the intact cortex of ex vivo preparations in a mGFP expressing transgenic line 
(first panel, third row). Note putative presynaptic structure (arrow). 
Punctuate spGFP signals (arrows) are detectable in the intact cortex of ex vivo preparations 
(second and third panels, third row). 
Fourth row: In situ hybridization on spinal cord sections. Note expression in motor neurons 
(arrowheads, first panel) and no signal with sense probe (second panel). Examples of spGFP 
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expressing NMJ (third panel) and spindle (first panel, fifth row) in whole mount muscle 
preparations. Note clear punctuate pattern indicating active zone labeling (arrowheads). 
cGFP signal at NMJs appears  non-uniform (arrows, third panel fifth row) at high magnification. 
A low magnification of the same NMJ is shown in the adjacent panel. Scale bar: 20 µm in first 
row, 7 µm in second, 8 µm in third, 80 µm in fourth first two panels, 15 µm third panel fourth 
row and first panel fifth row, 30 and 5 µm in second and third panels of fifth row. 
(c) Thy1-mGFP/spRFP whole mount gluteus muscle. Note co localization of mGFP (blue) and 
spRFP (purple) at NMJs (arrows). 
 
Figure 4: mGFP expressing spines reveal the known complex outline of spine heads and necks 
whereas cGFP spines do not. 
(a) High resolution imaging of cortical dendritic spines in mGFP versus cGFP transgenic lines. 
(A, a1-a4) cGFP expressing cortical pyramidal neuron, (B, b1-b4) mGFP. Note the incomplete 
labeling of basal and apical distal dendrites (A) when compared to (B, mGFP cortical neuron). 
The entire dendritic tree and axons are sharper in m-GFP expressing pyramidal neurons (B). a1 
(cGFP) versus b1 (mGFP) represent comparable regions from the apical dendrites. Note at high 
magnification (100X with 5X digital zoom), spines are not as clearly detected in the cGFP (a2, 
corresponding to the yellow rectangles in a1) as is in case of the m-GFP (b2). In particular, the 
spine neck is not visible and the finer structures of the head as well as neck are not visible. a3 
and b3 show the comparison for basal proximal dendrites. The distal region of the basal 
dendrites, where spine density is higher and the dendritic shaft is thinner, is shown in (a4, cGFP 
and b4, mGFP). Note the highly irregular structure of the spine neck and the head region in the 
mGFP example. Note also large number of  spines in the m-GFP marker example, not visible 
with cGFP.  
(b) High resolution imaging of hippocampal dendritic spines in mGFP versus cGFP transgenic 
lines. 
(A) (cGFP) and (B) (mGFP) show the distribution of the cGFP and m-GFP markers in 
hippocampal pyramidal neurons at low magnification. Note strong cGFP signal only in cell 
bodies and proximal apical dendrites (top part of panel) and striking faint signal in distal parts of 
basal dendrites (bottom part of panel). mGFP, in contrast, labels effectively the whole neuronal 
membrane. At higher magnification (60X) in A1 (cGFP) and B1 (mGFP) note the more uniform 
signal around the neuronal membrane in mGFP. a1 (cGFP) versus b1 (mGFP) represent 
comparable regions of secondary apical dendritic segments. Note globular appearance of cGFP 
spine heads and diverse shapes in the mGFP example. This feature is also true for other cells in 
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the hippocampus (data not shown). a2, cGFP, and b2, mGFP, show pictures of primary basal 
dendrites close to the cell body. a3, cGFP, and b3, mGFP, show pictures of primary distal basal 
dendrites. Note here as well the varied shapes in the mGFP example but not in cGFP. a4 shows a 
high magnification view of the insert in a3, whereas b4 corresponds to the green insert in b3. Note 
that the mGFP marker visualizes complex spine regions in great details, highlighting its 
advantage for high-resolution imaging of fine dendritic structure.  
(c) DiI labelling of naïve tissues reveals a similar population of spines in mGFP but not in cGFP 
expressing neurons. 
Scale bar: 40 µm in low magnification pictures (aA,B; bA,B), 10 in magnified pictures. 
 
Figure 5: SV dynamics at mammalian NMJs in vivo. 
(a) Low magnification fluorescent picture of a mouse tibial muscle expressing spGFP transgene. 
Arrows mark the synaptic bend and the arrowhead a blood vessel that is useful to trace back the 
NMJ of interest. (b) Low magnification view of a 4 day-old spGFP mouse NMJ. Note at high 
magnification in (d) both diffuse (arrowheads) and clustered signal (arrow). In (c) another 
example of a NMJ belonging to a P4 mouse is shown. Confocal imaging stacks (12 µm in the Z-
axis) of living tibialis NMJs are shown in (e-g). Note SV cluster reorganization over few 
minutes. The arrow in (g) shows an example of mobile SV clusters. Over 1day observation 
period, putative fusion (arrowhead in i) and disappearance of clusters (white arrowheads in h) 
are detectable in a NMJ from a 18-day-old spGFP mouse (h-i). Sensory innervation displays 
reorganization of microvesicle clusters over 1 month observation period in vivo (j-m). A spGFP 
positive sensory terminal is shown and its SV clusters numbered. Note changes in position of 
clusters but overall maintenance of total numbers. (l) and (m) are high magnification panels of 
the boxed region in j. GFP signal has been optimized in f-i to better reveal the SV clusters. 
Asterisk indicates the same cluster. Scale bar: 400 µm in (a), 40 µm in (b), 30 in (c), (d), (f-I), 
50 µm in (e) and 60 in (j-k). 
 
Figure 6: Young versus adult granule cells in the same mature hippocampal slice cultures. 
(a) Typical example of a mature GC in the DG with its extensive basal dendritic arbor. The 
region delimited in yellow is magnified on the right to show details of spines. Note clear spine 
heads (arrowhead). (b, d) Typical examples of young granule cells with a simple basal dendrite. 
Note at high magnification the filopodia-like appearance of the dendritic protrusions (yellow 
inserts). Asterisk marks cell body. (c) Terminal axonal region of a young MF. Note widespread 
foci of filopodia extending from the shaft (arrows) and a growth cone at the tip (arrowhead). (e) 
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A young granule cell and its processes are reconstructed. Top right insert represents a growth 
cone at the main axon ending. Bottom left insert shows at high magnification the cell body and 
dendritic region. The large yellow insert shows a region that was repeatedly imaged over 1 day 
in (g-i). (f) Young granule cells are characterized by rapid extension-retraction of filopodia in 
hippocampal whole mount preparations. The region delimited by the yellow square was imaged 
over 10 min (shown in the two adjacent panels on the right). Note filopodia changes marked by 
the yellow circles. (g-i) Axons of young granule cells elongate and retract (bottom left insert) or 
extend progressively (top left insert) over a 1-day observation period. 
 
Supplementary Figure 1: Gene gun mediated transfer of mGFP transgene in hippocampal slice 
culture is not specific for neurons. (a) Glia cell and processes are often labeled by the gene gun 
method because a layer of glia cells lies on the surface of the slice culture. (b) Granule cell in 
DG. 
 
Supplementary videos 1-2: Young MF are characterized by more frequent and                    
prominent dynamic activity than mature ones in the same neuronal circuit.  
The videos show a young MF axon from a Thy1-mGFPs slice imaged over a few minutes 
(Suppl. Video 2 is a high magnification view of video 1). The corresponding granule cell 
exhibited the characteristic features of young granule cells: including the location in the DG 
GCL, a granular shape of cell body, one basal dendrite, no mushroom spines on the dendrite 
but highly motile filopodia-like spines and highly motile growth cone filopodia at the end of 
axonal branches. Note multiple events of filopodial extension-retraction. Frames were 
captured at 10 sec intervals, and the video is shown at 15 frames/second. 
 
Supplementary videos 3-5: Young GC dendrites are characterized by more frequent and                    
prominent dynamic activity than mature ones in the same neuronal circuit. The videos show 
examples of young granule cell dendrites from a Thy1-mGFPs slice imaged over a few 
minutes in mature hippocampal slice cultures. Note extensive dynamic filopodia-like 
protrusions. Frames were captured at 10 sec intervals, and the video is shown at 15 
frames/second. 
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SUMMARY 
 
The formation and disassembly of synapses in mature neuropil could provide a substrate to 
encode experience in the brain. While there is evidence for postsynaptic spine dynamics in 
mature systems, contributions to circuit rearrangements by presynaptic terminals have 
remained unclear. Here we use mice expressing membrane- and/or synaptic vesicle-targeted 
spectral variants of GFP in neuronal subsets to image identified presynaptic terminals. We 
find that in mature hippocampal slice cultures with no net changes in synapse numbers, 
subpopulations of presynaptic terminals appear and disappear within 1-3 days. Mature mossy 
fibers display short-term dynamic behaviors resembling those typical during development. 
The three terminal types established by mossy fibers exhibit distinct dynamic properties. 
High-frequency stimulation increases the fraction of dynamic terminals for 1-2 days, a 
process mediated through AMPA-receptor activation, PKA and protein synthesis. Thus, stable 
presynaptic terminals in mature hippocampal networks can be converted into dynamic ones 
by synaptic activity, providing a candidate mechanism to convert experience into changes of 
network connectivity. 
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2.2.1. INTRODUCTION 
 
The cellular mechanisms for encoding experience in the brain are poorly understood, but most 
likely involve structural rearrangements of neuronal circuitry (Bailey and Kandel, 1993). This 
process may involve a turnover of presynaptic terminals and/or postsynaptic endings, 
resulting in the formation of new synaptic connections and/or the loss of existing connections. 
While the dynamic properties of postsynaptic sites have been characterized in some detail 
(Ziv and Smith, 1996; Kirov and Harris, 1999; Matus, 2000; Marrs et al., 2001; Yuste and 
Bonhoeffer, 2001), much less is known about rearrangements of axons and presynaptic 
terminals. Postsynaptic spines exhibit short-term actin-dependent motility, and can turn over 
within hours. This postsynaptic plasticity is mediated by Glutamate receptors and BDNF 
(Smart and Halpain, 2000), is affected by experience, and decreases as the nervous system 
matures (Lendvai et al., 2000). Consistent with the notion that a rearrangement of spines is 
involved in learning and in regulating behavior, new spines can be induced in response to 
long-term potentiation of synaptic transmission (LTP) (Engert and Bonhoeffer, 1999; Toni et 
al., 1999), or steroid hormone treatment (Woolley et al., 1996). In these experiments, new 
spines were associated with preexisting presynaptic boutons, leading to an increased number 
of synapses locally, and to an amplification of synaptic transmission through multi-spine 
boutons (Luscher et al., 2000; Yankova et al., 2001). These results would thus be consistent 
with the possibility that in mature systems synapse rearrangements predominantly involve 
postsynaptic remodeling, without concomitant reorganization of presynaptic structures.  
 
Extensive turnover of presynaptic terminals has been detected during the innervation of the 
developing tectum in the frog, where it appeared to involve a dynamic balance between 
terminal appearance and disappearance events (Cline, 2001). In contrast, information about 
the possible existence of presynaptic terminal dynamics in mature, non-growing neuronal 
networks is currently lacking. Obtaining such information has been a challenging task due to 
the way in which presynaptic terminals are arranged along axons. Thus, in contrast to 
postsynaptic spines, where high numbers of individual structures are arranged in short 
intervals along any segment of a dendrite, presynaptic specializations of an individual axon 
are distributed at substantial distances along the axon. As a consequence, obtaining 
quantitative information about presynaptic terminal dynamics depends on being able to 
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repeatedly monitor long stretches of axons, and large populations of identified terminals over 
extended periods of time. 
 
In this study we monitored individual, identified presynaptic terminals over periods of up to 
two weeks, analyzed quantitatively their dynamics, and identified molecular mechanisms that 
regulate them. To study long-term changes (days) in presynaptic structures under controlled 
experimental conditions we used organotypic hippocampal slice culture preparations 
(Stoppini et al., 1991). We initially focused our analysis on one defined type of axon, the 
mossy fiber (MF) of dentate gyrus granule cells, with its characteristic, anatomically 
recognizable terminals. As the MF pathway is essentially lamellar, its connectivity is well 
retained in the slice preparation (Zimmer and Gahwiler, 1984; Claiborne et al., 1986; Henze 
et al., 2000). MFs establish three distinct types of glutamatergic presynaptic terminals, the 
large mossy fiber terminals (LMT), the filopodial extensions of LMT (LMTfil), and the en-
passant varicosities (epV) (Toth and McBain, 2000). LMT synapse on excitatory CA3 
pyramidal dendrites, whereas LMTfil and epV synapse onto distinct inhibitory interneurons. 
The three types of terminals have been extensively characterized morphologically, 
ultrastructurally and functionally (Amaral, 1979; Acsady et al., 1998; Toth et al., 2000) and 
their presence on the same axon allowed us to compare the dynamic properties of distinct 
types of presynaptic terminals of the same neuron. To generalize our findings we also 
analyzed populations of synaptophysin-positive terminals in CA3a/b, an area also containing 
pyramidal neuron and interneuron terminals. We report that in hippocampal slices cultured for 
1-3 months, with no net changes in synapse numbers, subpopulations of presynaptic terminals 
appear or disappear within a few days. Distinct types of terminals of the same neuron 
exhibited unique dynamic properties. High-frequency stimulation converted a fraction of 
stable terminals into dynamic ones for 1-2 days, a process involving AMPA-receptor 
activation, PKA, and de-novo protein synthesis. These findings reveal that in mature 
hippocampal networks, presynaptic terminal numbers are in a state of dynamic equilibrium 
subject to regulation by synaptic activity. Such dynamics may provide a substrate to convert 
experience into long-term changes of network connectivity. 
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2.2.2. RESULTS 
 
Imaging identified presynaptic terminals  
To investigate individual axonal processes and the dynamics of their presynaptic terminals in 
situ, we chose a genetic approach to visualize the plasmamembrane and synaptic vesicles of a 
small percentage of neurons in postnatal mice. The plasmamembrane marker was used to 
allow detailed monitoring of axonal outlines, including putative presynaptic structures, and 
the synaptic vesicle marker (Li and Murthy, 2001) to detect presynaptic terminals, where 
synaptic vesicles accumulated (Fig. 1, Suppl. Figs. 1-3). To achieve transgene expression in 
small subsets of neurons, we used a mouse Thy1.2 expression cassette, which in about a third 
of the transgenic lines leads to robust and constitutive expression of transgenes in a small 
fraction (< 0.1%) of postnatal neurons in several brain structures (see Methods). The 
transgenic lines used in this study were chosen for their expression in dentate gyrus granule 
cells in the hippocampus (Fig. 1a, Suppl. Fig. 1), and are designated Thy1-mGFPs (expression 
of plasmamembrane-targeted EGFP in small subsets of neurons; Fig. 1a, b), Thy1-spGFPmu 
(expression of synaptic vesicle synaptophysin-GFP in a majority of neurons; Suppl. Fig. 3), 
and Thy1-mGFP/spRFPs (co-expression of plasmamembrane-targeted EGFP and 
synaptophysin-RFP in subsets of neurons; Fig. 1a, b). In addition to granule cells, transgene 
expression in the hippocampal formation was detected in small subsets of pyramidal cells and 
interneurons in CA3 and CA1.  
 
The three distinct presynaptic structures of granule cell axons could be identified with the 
mGFP membrane marker (Fig. 1a, b). To determine whether anatomically identifiable Thy1-
mGFPs MF terminals correspond to synaptic sites, Thy1-mGFPs and Thy1-mGFP/spRFPs 
hippocampal slices were fixed and immunostained with antibodies against two synaptic 
markers: synaptophysin (pre-synaptic) and the NMDA receptor subunit NR1 (post-synaptic) 
(Fig. 1b). For signals to be considered as spatially related, they had to coincide on at least one 
confocal section. LMT could all (15/15) be counterstained with both synaptic markers. 
Quantitative analysis of confocal simultaneous two-channel images revealed that 91 ± 7% 
(mean ± SD; 54 epV, 6 slices) of epV could be counterstained for synaptophysin, and for at 
least 68 ± 12% of epV (42 epV, 5 slices) an NR1 cluster could be unambiguously visualized 
in apposition to the mGFP signal. All epV contacted by NR1 clusters contained 
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synaptophysin. 80 ± 11.0% of LMTfil (32 LMTfil, 6 slices) exhibited synaptophysin 
immunoreactivity, and at least 62 ± 6%  (36 LMTfil, 6 slices) of them exhibited an NR1 
cluster in close apposition. Nearly all epV (96 ±4%) and LMTfil (93 ± 6%) accumulated 
spRFP in living tissues (Thy1-mGFP/spRFPs mice), and fractions of NR1 immunoreactivity 
apposed to small terminals were comparable to those detected for terminals identified 
anatomically in slices from Thy1-mGFPs mice (epV, 63 ± 5% N = 24; LMTfil, 66 ± 9% 
N=28, 4 slices). Therefore, most anatomically identifiable MF terminals from Thy1-mGFPs 
slices accumulate synaptic markers, suggesting that they correspond to functional synapses. 
 
Stable numbers of terminals in mature slices 
To analyze a system consisting of mature neuronal networks, we first determined whether and 
from when on total numbers of presynaptic terminals remained stable in the slice cultures. 
During the first three weeks in vitro, we observed a substantial degree of short-term (minutes 
and hours) dynamics by axons and dendrites, and a steady increase in the numbers of 
presynaptic terminals (Thy1-spGFPmu, Fig. 2b). Growth and remodeling declined during the 
third week in vitro, and from 4 weeks on no growth cones, process elongation or branching 
were detected (Thy1-mGFPs, 59 MFs, see supplementary fig.8). To determine whether net 
synapse numbers continued to change in hippocampal cultures with no overt process growth 
or rearrangements, we quantified the numbers of presynaptic structures that appeared or 
disappeared during repeated observations over periods of 1-4 days. To establish criteria 
distinguishing putative presynaptic structures from transport packages, i.e. pre-assembled 
synaptic precursor complexes that travel rapidly along the axon (Ahmari et al., 2000), we 
generated time lapse videos of spGFP puncta in CA3b (Suppl. Video 1). Quantification of 
these data for puncta > 1.5 µm and for putative transport packets (0.3-0.6 µm, long axis; 0.2-
0.4 µm, short axis) (Ahmari et al., 2000) revealed two clearly distinct behaviors: 53/53 Sp-
GFP clusters > 1.5 µm were never seen moving back or forth along the axon over periods of 
minutes, whereas smaller clusters (e.g. double arrowheads in Fig. 2a, arrows in Video 1) 
exhibited rapid translocation movements (see suppl. Methods). These data suggest that puncta 
substantially smaller than 1.5 µm represent synaptic vesicle transport packages, whereas those 
> 1.5 µm correspond to more stable synaptic contacts.  
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We then analyzed the turnover of putative CA3a/b presynaptic structures in slice cultures 
from Thy1-spGFPmu mice (Fig. 2). Over days, only a minority of the larger spGFP structures 
appeared or disappeared between repeated observations, whereas the majority of them 
persisted for several days (Fig. 2a, b). As would be expected for a growing network, gains of 
spGFP puncta exceeded losses in young (1-3 weeks) slice cultures. In contrast, gains and 
losses of large spGFP puncta were comparable in slices older than 4 weeks, where numbers of 
new or lost terminals were remarkably closely matched (Fig. 2b). This was the case for both, 
the total population of large synaptophysin structures in CA3b (7.8 ± 1.2% gained, 7.9 ± 0.9% 
lost over a period of 24 hours; 40 days cultures), as well as a defined population of terminals 
(epV, see Fig. 3b). As synapse numbers are largely determined by the maturity and size of 
postsynaptic target regions (Davis and Bezprozvanny, 2001), these results suggest that from 4 
weeks in vitro on, the hippocampal slice cultures consisted of neuronal networks with stable 
total numbers of presynaptic terminals. Surprisingly, this striking stability in total presynaptic 
structure numbers was maintained in the presence of a substantial turnover of individual 
terminal structures.  
 
Dynamics of mossy fiber LMT 
To investigate the dynamics of identified presynaptic terminals, we analyzed LMT, epV, and 
LMTfil separately. LMTs are multisynaptic complexes ( > 3 µm diameter; up to 37 release 
sites), with varying numbers of LMTfil extending from any of them. Putative LMT structures 
of the appropriate size were restricted to MFs in the hilus and CA3 (Thy1-mGFPs or Thy1-
spGFPmu slices, see Suppl. Figs. 1, 3), facilitating their unequivocal identification. We 
detected 5 to 16 LMT along any granule cell axon in our cultures (Thy1-mGFPs), a range 
comparable to that reported for MFs in vivo (Acsady et al., 1998). Repeated observations of 
individual LMT over periods of up to 15 days failed to reveal any change in their numbers or 
positions (Thy1-mGFPs: over 1 d (N > 100), 6 d (N = 9), 16 d (N = 6); Thy1-spGFPmu: over 1 
d (N = 37), 4 d (N = 12)), indicating that, as whole structures, LMT were stable. However, 
confocal time-lapse imaging revealed that within a few hours of observation LMTs altered 
both their outer shape (Thy1-mGFPs) and the arrangement of synaptic vesicles inside the 
terminals (Thy1-spGFPmu) (42/42 fully reconstructed LMTs from 16 separate cultures; see 
Suppl. Fig. 4). These dynamics may reflect alterations in LMT morphology without synapse 
turnover, and/or a rearrangement of individual active zones within the LMT.   
 
65 
Results: pre-synaptic terminal dynamics                                                                                Results
 
Dynamics of mossy fiber epVs  
 
EpV appeared as swellings of 1-2.5 µm of diameter along MFs (see Suppl. Methods). In 
agreement with previous reports, individual axons exhibited different densities of epV (range 
of 2-5, compared to 3-5/100 µm for hippocampal MFs in the adult brain (Claiborne et al., 
1986)). There was no systematic relation between epV density in CA3b, and morphological 
features of granule cells, such as the extent of branching by the MF axon (the average 
branching value was 9 + 2, predominantly in the hilus, N = 18 granule cells), the position of 
the granule cell body in the dentate gyrus (e.g., for 5 axons whose granule cell bodies were in 
the lateral blade, epV/100 µm were 0.9, 1.2,1.4, 4.5, 4.5; for 3 axons from the crest they were 
1.8, 3.0, 4.2), or the morphology of its dendritic tree (typically characterized by 3 main basal 
branches, Supplementary fig.1). We followed 146 epV from 12 different slices over 3-5 time 
points for up to 6 days in > 40-day old organotypic slices. The same epV could be relocated 
reliably using positional landmarks such as LMT and axonal turns (for an example, see Fig. 
3a, bottom image; Thy1-mGFPs). The analysis showed that while the majority of epV was 
stable, a fraction of epV appeared or disappeared within this time frame (Fig. 3a, b). To 
determine whether epV may consist of subclasses with distinct dynamic properties, we related 
median fractions of dynamic epV to the time interval between repeated observations. While 
fractions of appearing/disappearing (i.e. dynamic) epV increased during the first 3 days of 
observation, they did not increase further when observation periods were extended to 4 and 
more days (Fig. 3c). These results are consistent with the existence of two main classes of 
epV along MF axons in these cultures: stable epV (about 91% of total; no detectable turnover 
within 1-week periods), and dynamic epV (about 9% of total; half-lives of approximately 1 
day). The incidence of dynamic epV exhibited no apparent relation to epV density along the 
particular axon (median fractions of dynamic varicosities were 9.0% (MFs with 4-5 epV per 
100 µm; N = 5) and 8.8% (MFs with 2-4 epV per 100 µm; N = 5)).  
 
During development, axonal synaptogenesis involves rapid (seconds, minutes) protrusive 
activity from axonal varicosities (Dailey et al., 1994), and rapid filopodial extension-retraction 
events from the axonal shaft (Ziv and Garner, 2001). Together with corresponding dynamics 
at postsynaptic sites, these processes are thought to mediate the formation of synaptic sites. 
To determine whether similar short-term axonal dynamics, possibly involved in the 
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formation/disassembly of epV synapses, may exist in the mature slice cultures, we generated 
time-lapse videos, and quantified the short-term (seconds, minutes) dynamics of MF axons 
(see Methods, and Suppl. Videos 2 and 3). Consistent with the notion that new synaptic sites 
assemble over hours, but not a few minutes (Friedman et al., 2000), no gains or losses of epV 
(Thy1-mGFPs) were detected within this time frame. A fraction of epV (12 ± 5% of total, 116 
epV) exhibited protrusive lamellar activity comparable to that described for developing axons 
(Suppl. Video 2), and 39.5% of the filopodia along MF shafts  (43 filopodia, from 1870 µm of 
MF) exhibited rapid extension-retraction events (> 1.5 µm). Like adult hippocampus, the slice 
cultures contain a small percentage of younger granule cells. These young granule cells 
occasionally appeared as new mGFP-positive neurons in the dentate gyrus during the time in 
culture, with characteristically growth cones at the end of their processes, only one dendrite, 
and low numbers of spines. As may be expected, the frequency and extent of dynamic events 
was much higher in such younger MFs (Suppl. Video 3). To compare these data to similar 
events in mature circuits ex vivo, we also monitored the dynamic behavior of a small sample 
of MFs in acute whole mount hippocampal preparations from P120 mice (Suppl. Fig. 5), an 
experimental system where all main inputs to the hippocampus are preserved, thus closely 
mimicking in vivo hippocampus (5 MFs; 5 distinct hippocampi; total of 760 µm; 10-15 min 
observation periods, see Suppl. Methods). Values for short-term dynamic activity in this ex-
vivo system closely resembled the corresponding short-term dynamics data obtained with 
long-term slice cultures:12% of the epV (N = 25 epV) showed protrusive activity, and 33% of 
the filopodia (N = 15) exhibited extension-retraction activity (Suppl. Fig. 5). Taken together, 
these data provide evidence that mature MF exhibit sites of dynamic activity closely 
resembling those associated with synaptogenesis in developing axons. The frequency of these 
dynamic sites along mature MF was comparable to that of dynamic epVs, suggesting that 
these may represent sites of ongoing synapse formation/disassembly.  
The short-term dynamics data described above, indicate that sites of appearing or 
disappearing epV along MFs may exhibit dynamic activity for protracted periods of time (at 
least 5 days), suggesting that they may represent axonal “hot-spots” with respect to 
synaptogenesis. To further explore this possibility, we systematically re-analyzed 80 MF 
segments of 40-50 µm in length over 3-5 different time points (over 3-5 days), scoring them 
for any evidence of dynamic activity. There was a marked tendency for disappearing epV to 
be either followed in time by filopodia, or by new epV at the same MF position (8 epV-
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filopodia alternation events, and 4 epV disappearance and reappearance events at the same 
location out of 3440 µm of MF). In addition, we detected filopodial structures in association 
with 11.9% of the epV that were stable during the observation period, and with 21.4% of the 
epV that either appeared or disappeared during the observation period (for an example, see 
last panel in fifth row of Fig. 3a). These observations are consistent with the notion that in 
addition to stable epV, which do not undergo remodeling for long periods of time, mature MF 
exhibit a set of spatially defined sites ("hot spots") which are much more accessible to 
ongoing synapse formation/disassembly.  
 
To search for molecular mechanisms that may regulate epV long-term dynamics, we tested 
the role of the cAMP-dependent pathway, which was shown to affect the behavior of 
developing axons, MF growth, and synapse formation in CA1 (Baranes et al., 1998; Ma et al., 
1999; Bozdagi et al., 2000; Hatada et al., 2000; Mizuhashi et al., 2001). The cAMP analogue 
Sp-cAMPS (50 µM) had two major effects on epV: it nearly doubled the fraction of dynamic 
epV, and further accelerated their turnover rates (Fig. 3d). In contrast, the cAMP analog did 
not affect the total numbers of epV (P > 0.99, Mann-Whitney test). Therefore, stable epV can 
become dynamic within hours, and an agent that can persistently augment synaptic output 
(Baranes et al., 1998) also induces a substantial increase in presynaptic terminal dynamics. 
This regulation selectively affects the fraction of dynamic terminals and their turnover rates, 
but not the total number of terminals.  
 
Dynamics of mossy fiber LMTfil 
We next analyzed the other type of MF terminal contacting interneurons, the LMTfil. LMTfil 
exhibited substantial dynamics, with approximately 30% of them retracting/disappearing, 
extending/appearing or branching within a one-day observation period (Figs. 4, 5; see Suppl. 
Methods). Blocking actin dynamics with Cytochalasin D (5 µM) suppressed most of the 
LMTfil dynamics (from 0.28 ± 0.03 to 0.07 ± 0.02, over 6 h, P = 0.0002, paired t-test), 
indicating that this process is actin dependent (Figs. 4c, 5a). Individual LMTfil associated 
with any given LMT exhibited distinct dynamic properties (Fig. 4a, b), suggesting that 
dynamics may be regulated at the level of single LMTfil. While the total extent of 
rearrangements increased substantially over time for a sizeable fraction of LMTfil (the 
fraction of LMTfil with motility index greater than 0.6 (dynamic fraction) was 7% at 6h, and 
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36% at 1 day), a 50-60% fraction of them exhibited no overt motility for periods of up to1 day 
(the fraction with motility index < 0.4 (stable fraction) was 74% at 6h and 51% at 1 day). To 
determine whether the endings of dynamic LMTfil accumulate synaptic vesicles before and/or 
after remodeling, we repeatedly imaged LMTfil in slices from Thy1-mGFP/spRFP s mice, 
where axonal outlines and presynaptic vesicles can be imaged in the same living neuron. 
Dynamic LMTfil in living neurons were undistinguishable from more stable ones with respect 
to synaptic vesicle accumulation (Fig. 4b), consistent with the notion that they establish 
functional synapses. These findings suggest that, like for epV, there are stable and dynamic 
subpopulations of LMTfil (Fig. 5b), but that the fractions of dynamic terminals and their 
turnover rates differ significantly between the different types of MF presynaptic endings. 
 
Regulation of LMTfil dynamics 
The substantial dynamics of LMTfil allowed us to investigate the role of synaptic 
transmission in this remodeling. In a first set of experiments, we blocked action potential-
induced transmitter release in the slice cultures for 1 day with TTX  (1 µM). The toxin 
treatment did not influence LMTfil remodeling (Fig. 5a). We next determined whether Sp-
cAMPS, which enhanced epV turnover, also enhanced LMTfil dynamics. This treatment 
greatly enhanced LMTfil remodeling (Fig. 5a, b). A detailed analysis revealed two types of 
changes induced by Sp-cAMPS: 1) virtually all (> 90%) LMTfil became dynamic (Fig. 5b); 
2) average remodeling rates increased by approximately 50% (Fig. 5a).  
 
We then mimicked increased network activity by adding Glutamate (100 µM) to the culture 
medium (see Methods). Glutamate destabilized LMTfil and enhanced their dynamics to an 
extent, and with kinetics comparable to those of Sp-cAMPS (Figs. 4c, 5a, 5b). We routinely 
reexamined granule cells and their presynaptic terminals, including LMTfil, one day after the 
end of these experiments, and found no evidence for a toxic effect of Glutamate in these 
experiments (see Suppl. Methods, and Suppl. Fig. 6). To identify the receptor pathway(s) 
through which Glutamate augmented LMTfil dynamics, we carried out experiments in the 
presence of specific Glutamate receptor agonists and antagonists. The specific AMPA-
receptor agonist AMPA (400 nM) reproduced the effect of Glutamate (Figs. 4c, 5a). The 
presence of the NMDA-receptor antagonist AP-V (100 µM) in these experiments did not 
affect the stimulatory effect of AMPA (Fig. 5a), ruling out the possibility that activation was 
due to an indirect effect of AMPA-receptor activation on NMDA-receptor activity. In a 
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complementary series of experiments, the specific and non-competitive AMPA-receptor 
antagonist SYM2206 effectively blocked stimulation of LMTfil dynamics by Glutamate (Fig. 
5a). AMPA-receptor activation is thus necessary and sufficient for Glutamate to enhance 
LMTfil dynamics.To define the pathway(s) through which cAMP and AMPA augment 
LMTfil dynamics, we first carried out experiments in the presence of both Sp-cAMPS and 
AMPA. However, combinations of the two agents or high doses of AMPA were toxic to the 
slice cultures (4 out of 4 slices, Suppl. Fig. 6), suggesting synergism between the two agents, 
but limiting the value of these agonist combination experiments. The specific inhibitor of 
PKA Rp-cAMPS (100 µΜ) completely and specifically blocked the effect of AMPA on 
LMTfil dynamics (Fig. 5b), providing evidence that PKA is downstream of AMPA-R 
activation in a pathway leading to enhanced LMTfil dynamics.  
 
The stimulation of LMTfil remodeling by AMPA only became apparent after about 6 hours of 
treatment, suggesting that instead of acting directly on LMTfil, Glutamate may exert its 
effects indirectly. Treating slices for 6 hours with cycloheximide (60 µM) did not 
significantly affect basal LMTfil dynamics, but suppressed the stimulatory effect of AMPA 
(Fig. 5a), indicating that the mechanism leading from AMPA-receptor activation and PKA to 
enhanced LMTfil dynamics depends on the synthesis of new proteins. To search for further 
potential regulators of LMTfil dynamics acting upstream of protein synthesis, we carried out 
experiments with Brain Derived Neurotrophic Factor (BDNF), a neurotrophin that can induce 
LTP and destabilization of dendritic spines, and that can be released upon cAMP elevation to 
initiate a gene expression program in hippocampal neurons (Horch et al., 1999; Patterson et 
al., 2001; Poo, 2001). Short-term (6 h) application of excess BDNF (350 ng/ml) in the culture 
medium did not affect the fraction of stable LMTfil, but markedly enhanced the motility of 
dynamic LMTfil (36% LMTfil with motility indices > 0.8 within 6 hours, compared to 0% in 
untreated cultures). At 1d of treatment, BDNF had effects comparable to those of Sp-cAMPS 
and Glutamate, enhancing the fraction of dynamic LMTfil and their motility rates (Fig. 5a, b). 
This effect was blocked by an antibody against BDNF (Fig. 5a). These findings are consistent 
with the possibility that BDNF may be a downstream effector of enhanced excitation to 
induce alterations in synaptic connectivity. 
 
The experiments described above raised the possibility that network activity may act through 
AMPA-R activation, PKA activation, protein synthesis, and possibly BDNF to enhance 
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LMTfil dynamics. To investigate this possibility, we stimulated identified MF either through 
a high-frequency protocol (four 1 sec 100 Hz bursts, spaced by 30s intervals), or a low-
frequency protocol (15 min stimulation at 1 Hz). Such protocols have been shown to 
potentiate (high-frequency), respectively depress (low-frequency) transmission at MF 
synapses (Toth and McBain, 2000; Castillo et al., 2002). The 100 Hz local stimulation 
protocol enhanced LMTfil dynamics to an extent comparable to that produced by AMPA or 
Glutamate (Figs. 4c, 5a, 5b), whereas low-frequency stimulation did not (Fig. 5a). The effect 
of high-frequency stimulation was completely prevented by SYM2206, indicating that it 
involved AMPA-R activation (Fig. 5a). Upon 100 Hz stimulation, LMTfil dynamics were 
first enhanced at 6-10 h (not shown), peaked at 1day, and returned to control values at 2-3 
days (Fig. 5c). Together, these results provide evidence that local high-frequency electrical 
stimulation enhances LMTfil dynamics through the activation of AMPA-R, followed by 
activation of PKA, and de novo protein synthesis. Enhanced LMTfil dynamics persists for 1-2 
days, when it may mediate experience-dependent changes in synaptic circuitry.    
 
The neural cell adhesion molecule NCAM has been implicated as a negative regulator of 
anatomical plasticity, and its expression in the hippocampus can be regulated by activity 
(Luscher et al., 2000). To determine whether nerve terminal dynamics can be altered 
permanently in the slice cultures, we compared LMTfil turnover in slices from NCAM-/- x 
Thy1-mGFPs mice versus their NCAM+/+ x Thy1-mGFPs littermates. In the absence of NCAM 
(Cremer et al., 1994), the average motility of LMTfil was increased 3-fold (Figs. 4a, 5a), and 
the fraction of stable LMTfil was reduced by about half. The average number of LMTfil per 
LMT was increased 1.5-2-fold, and LMTfil were longer and more branched in the absence of 
NCAM (Fig. 4a). Average numbers of LMT and epV in slices from NCAM-/- x Thy1-mGFPs 
mutant mice and wildtype NCAM+/+ x Thy1-mGFPs littermates were indistinguishable (not 
shown), suggesting that the absence of NCAM did not lead to a general increase in synapse 
numbers in these slices.  
 
Presynaptic terminal dynamics in CA3a/b  
 
To determine whether features of presynaptic turnover regulation in MF terminals can be 
generalized to other types of nerve terminals in the hippocampus, we analyzed the effects of 
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AMPA and Sp-cAMPS on the turnover of putative CA3a/b presynaptic structures in slice 
cultures from Thy1-spGFPmu mice. AMPA + AP-V or Sp-cAMPS increased the fraction of 
dynamic synaptophysin-accumulating profiles from 7.9 to 17.2 %, respectively 16.9% (Fig. 
6), suggesting that many types of presynaptic terminals can be converted from stable to 
dynamic ones through AMPA-receptor and PKA activation. 
 
 
2.2.3. FUTURE PERSPECTIVES AND DISCUSSION 
 
Genetic tools to visualize live synaptic dynamics 
The analysis in this study was made possible by the development of new genetic markers to 
image the plasmamembrane and synaptic vesicles in living neurons in situ. Because it 
visualizes details of neuronal protrusions with high sensitivity (e.g. spine necks, or small 
filopodia), the plasmalemmal marker is superior to cytoplasmic forms of XFP to study 
neuronal plasticity.  
The combination of the synaptic vesicle and the plasmalemmal marker allows monitoring 
stable and dynamic presynaptic terminals in the same living neuron. Combined with the 
possibility to express any combinations of transgenes in small subsets of mouse neurons, this 
approach provides a powerful tool for detailed, high-resolution non-invasive molecular 
imaging of individual neurons and their subcellular compartments in living tissue. This was a 
prerequisite to compare the dynamics of distinct types of presynaptic terminals of the same 
axon over long periods of time.  
 
Presynaptic terminal dynamics in mature slices 
Several reasons prompted us to focus on hippocampal circuits to investigate the dynamics of 
presynaptic terminals. First, the central role of the hippocampus in experience-related learning 
and memory makes it a prime candidate system to search for synapse dynamics and 
investigate their regulation. Second, postsynaptic site dynamics have been studied in most 
detail in this brain structure, where they are influenced by interventions that alter the efficacy 
of synaptic connections in vitro (LTP, see refs. (Antonova et al., 2001; Yuste and Bonhoeffer, 
2001)), and behavior in vivo (for a review see (Nimchinsky et al., 2002)). Information about 
the dynamics of presynaptic terminals in hippocampal circuits can thus be related to 
corresponding data on postsynaptic spines. A further major reason was that the architecture of 
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the circuitry in the hippocampus is comparatively simple and well characterized, and that 
circuit architecture is well preserved in hippocampal slice cultures (Gahwiler et al., 1997). An 
extensive body of experimental data (Dailey and Smith, 1996; Gahwiler et al., 1997) supports 
the notion that long-term hippocampal slices are mature physiologically, suggesting that basic 
features of the dynamics detected in this study may also apply to hippocampal circuits in vivo. 
These unique advantages should thus allow extending this study to provide a detailed 
quantitative and mechanistic analysis of presynaptic terminal dynamics and its regulation in 
the hippocampus, and in other brain circuitry. It will for example be of particular interest to 
determine whether different types of axons and neuronal structures exhibit unique presynaptic 
dynamic properties, possibly related to local circuit architecture and specific plasticity 
requirements. In addition, complementary studies of accessible presynaptic circuitry in vivo 
will show whether and to what extent comparable presynaptic dynamics take place in the 
adult brain.  
 
Dynamic properties of defined presynaptic terminals 
Our results provide evidence that presynaptic terminal numbers in mature hippocampal slices 
are in a state of dynamic equilibrium regulated by AMPA receptor activation and cAMP. The 
baseline of presynaptic terminal dynamics in unperturbed slice cultures was not affected by 
chronic blockade of synaptic activity (TTX), specific blockade of AMPA receptors, or short-
term blockade of de novo protein synthesis (cycloheximide), or specific inactivation of PKA, 
suggesting that it was an intrinsic property of the hippocampal circuits in these mature 
organotypic cultures. It is still open the possibility that a protracted (days) blockade of 
synaptic activity can affect the dynamics of pre-synaptic terminals. Alternatively, other extra-
cellular signals (e.g. guidance molecules and neurotrophic factors still highly expressed in the 
adult brain or adhesion molecules) through regulators of the actin cytoskeleton (e.g. small 
GTPases) could mediate the basal dynamism that we report likewise for post-synaptic sites 
during development (Gahwiler et al., 1997). The analysis of individual MFs and their 
terminals over periods of up to two weeks revealed that there was a distinct tendency for 
short-term dynamics, filopodia and epV to reappear at sites of previous epV, suggesting that 
MF may exhibit specialized sites of ongoing synapse formation/disassembly (see also 
(Pennetta et al., 2002)). This possibility is further supported by the observation that new 
terminals seemed to have a substantially higher probability of disappearing during the 
following few days than the average population of epVs or LMTfil (data not shown). Taken 
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together, these findings suggest that while a fraction of new terminals may become stabilized, 
a majority of dynamic terminals turns over within periods of several days.   
 
Due to the ways in which axons and dendrites are arranged in the brain, structural plasticity at 
the pre- or postsynaptic level can have distinct consequences for the connectivity of neuronal 
networks. Because presynaptic boutons are usually distributed at substantial distances (many 
tens of microns) from each other along axons, the presynaptic dynamics demonstrated in this 
study can profoundly affect the connectivity of neuronal networks, as individual axons may 
be synapsing onto different neurons at different times. The synaptic connections of individual 
axons exhibit a remarkable degree of anatomical specificity with respect to target type(s), 
topography, numbers of synaptic contacts and positions of these contacts on dendritic trees. 
Corresponding specificity in presynaptic dynamics may ensure that local rearrangements in 
circuitry exhibit comparable specificity with respect to information transmission, and its 
experience-related modification.  
  
Mechanisms regulating presynaptic terminal dynamics 
The experimental conditions in the slice cultures allowed us to investigate molecular 
mechanisms that may regulate presynaptic terminal dynamics in these mature networks. We 
found that brief local high-frequency stimulation of MF greatly increased the fraction of 
dynamic LMTfil and their turnover rates, without corresponding effects on total synapse 
numbers. LMTfil are thought to mediate feed-forward inhibition of CA3 pyramidal neuron 
activation through local interneurons. The transiently enhanced dynamics and rearrangements 
of LMTfil may contribute to a remodeling of the local circuitry in CA3 during a sensitive 
period after the initial stimulation event. Through such remodeling, event-related circuitry 
may be refined and consolidated for further transfer in the hippocampal formation and to 
other brain centers.  
 
AMPA and Sp-cAMPS also enhanced the fractions of dynamic epV and presynaptic terminal 
populations in CA3b, suggesting that these regulatory mechanisms apply to many types of 
presynaptic terminals. This enhancement of presynaptic terminal dynamics is reminiscent of 
the stimulatory role of activity in synapse elimination (Lichtman and Colman, 2000), and in 
synapse turnover during the early phases of circuit formation (Cline, 2001). The features of 
this stimulation were also reminiscent of the conditions required to induce long-term 
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potentiation of synaptic transmission. Like in synapse elimination, synapse dynamics in 
mature neuropil may mediate and reflect a competition by synaptic inputs for innervation of 
postsynaptic territories. The relative efficiencies of synaptic transmission by individual 
terminals innervating the same postsynaptic territory, and the status of postsynaptic receptors 
at any individual synapse are key factors in synapse elimination and in synapse dynamics 
during development (Lichtman and Colman, 2000; Cline, 2001). In a similar manner, and like 
in LTP, selective stabilization and destabilization of synapses in mature neuropil may be 
controlled by coincidence detection mechanisms, coupled to the expression of postsynaptic 
components and receptor subtypes with distinct regulatory and trafficking properties (Okabe 
et al., 1999; Cline, 2001; Shi et al., 2001). 
 
A further main finding of this study was that different types of terminals from the same 
neuron differed in their dynamic properties, suggesting that, as is the case for the functional 
plasticity of presynaptic terminals (Toth and McBain, 2000), presynaptic dynamics may be 
defined by intrinsic features of presynaptic terminals and by local signals from the 
postsynaptic neuron. This is reminiscent of the intrinsically different stability properties of 
neuromuscular junction subtypes (Pun et al., 2002), suggesting that, like at the neuromuscular 
junction, distinctions in postsynaptic receptor clustering and maintenance properties may 
contribute to differences in the dynamic properties of central synapses. The stabilization of 
subtypes of synapses for very long times may provide mechanisms for long-term storage of 
information in brain circuits, whereas the destabilization and specific rearrangements induced 
by coincident activity may allow for the refinement and modification of that information by 
subsequent experience. 
 
 
2.2.4. MATERIAL AND METHODS 
 
Generation of transgenic mice. Mice expressing GFP constructs specifically in adult neurons 
were generated using the mouse Thy1.2 expression cassette, as described (Caroni, 1997) 
mGFP consisted of the first 40 amino acids of the protein MARCKS, a plasmalemmal 
targeting sequence (Wiederkehr et al., 1997), fused to EGFP. The N-term of MARCKS was 
modified to include palmitoylation sites at residues 3 and 4; spGFP or spRFP consisted of 
full-length synaptophysin fused to EGFP (Li and Murthy, 2001) or RFP. The transgenic mice 
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had no detectable phenotype, and the expression of these transgenes did not affect 
neuromuscular junction physiology (quantal content, post-tetanic potentiation and depression) 
or anatomy (ultrastructure of pre- and postsynaptic terminal, paralysis-induced nerve 
sprouting). Neurons expressing different levels of transgene exhibited undistinguishable 
morphologies in slice cultures. Out of a total of 30 lines, ten transgenic lines expressed 
transgene in subsets of neurons  (see also reference (Feng et al., 2000)). The experiments were 
approved by the Swiss Veterinary Office. 
 
 
Immunocytochemistry. Hippocampal slice cultures (> 40 days in vitro, Thy1-mGFPs and 
Thy1-mGFP/spRFPs ) in 6-well plates were fixed for 10 min at RT with 3.5% PFA- 
containing culture medium. Tissues were rinsed in PBS, solubilized in 1%Triton X-100 in 
PBS (2ml) overnight (ON, 4°C ), blocked in 50 mM NH4Cl and 20% horse serum, rinsed 
with PBS containing 1% horse serum (PBS + HS) (Marrs et al., 2001), and incubated ON 
(4°C) in PBS+HS, with 2 µg/ml affinity-purified anti-NR-1 mouse monoclonal antibody 
(Pharmingen) (Thy1-mGFPs and Thy1-mGFP/spRFPs), plus rabbit-anti-synaptophysin 
(DAKO, Denmark) (Thy1-mGFPs). Tissue slices were then rinsed with PBS +HS, incubated 
for 10–16 hours (4°C) in Alexa-Fluor-546 conjugated goat-anti-rabbit and Oregon green-
438 conjugated goat-anti-mouse (Molecular Probes, Eugene, Oregon), rinsed and analyzed. 
Argon and He, Ne-G lasers (488/543 excitation), with Rhodamine and GFP filter sets (560-
600 and 505-525 barrier filters) were used to simultaneously visualize both synaptic 
markers in the same samples. Step sizes were 0.2 µm, for stacks of  9-30 µm. A 100X water 
immersion objective (NA = 0.1, Zeiss) was used for image acquisition. Synaptophysin and 
NR1 contents in MF terminals were scored in single optical planes and in 3D 
reconstructions. 
 
In situ hybridization. In situ hybridization was carried out with digoxigenin-labeled cRNA 
probes corresponding to the entire EGFP gene. The brain was removed soon after cervical 
dislocation, frozen in Tissue-Tek (Sakura Finetek, Torrance, CA) and stored at – 80 C°.  
Sagittal section (12 µm thick) were prepared using a cryostat and thaw-mounted on glass 
slides. In situ hybridization for EGFP was carried out with cRNA probe corresponding to 
the entire EGFP coding sequence. The cDNA of interest was cloned into a vector such as a 
pBS+ or pcDNA3 that contained recognition sites for RNA polymerase (T3, T7 or SP6). 5 
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µg of plasmid DNA were digested with appropriate restriction enzymes to produce either a 
sense or an antisense RNA probe.  pCDNA3-EGFP was linearised using NOTI and then we 
used T7 polymerase to generate the sense probe. To have the antisense probe the plasmid 
was cut with BstxI and the SP6 polymerase was used. The hybridized sections were treated 
with anti-digoxigenin sheep antibody (Boehringer) coupled to alkaline phosphatase. Anti-
digoxigenin antibody and therefore cRNAs were visualized in a color reaction with BCIP-
NBT (baumeister 97). 
 
Propidium iodide assay for cell death. Cell death in the slices was assessed by Propidium 
Iodide (PI, Sigma) incorporation into the cells (Lahtinen et al., 2001). PI was added to the 
slices in tyrode’s at a final concentration of 1 µg/ml for 30 min at RT. After a brief (5 min) 
wash in tyrode’s, PI fluorescence images were acquired with an optimized  filter set (530-
585 filter; 2.5X objective connected to a Hamamatsu digital CCD camera). Images 
(512X512 pixels) were opened in Image software after the same mask to visualize the 
nuclei was applied in Photoshop (Suppl. Fig. 6h). Dead cells were counted with the function 
“analyze particles”. For each experimental condition, data were compared (ANOVA) to 
those from untreated control slices, which exhibited a low level of spontaneously 
degenerating cells (Suppl. Fig. 6).  
 
Live imaging in hippocampal slice cultures. The method of (ref. 13) was used to culture 
hippocampal slices because of its convenience for long term imaging in comparison to the 
“roller tubes” technique, which presented problems in preserving sterile conditions. Briefly, 
P8-9 pups were killed by decapitation, and hippocampi rapidly dissected out and placed in a 
MEM (Gibco) based ice-chilled medium. Usually, six to eight 400 µm-thick slices were 
selected from one hippocampus. They were then incubated in 5% CO2 at 35 °C. For time 
lapse imaging, slices were taken out of the incubator in a physiological solution at RT 
(Gibco based). An Olympus set up (Bx61 LSM Fluoview) was used for confocal 
microscopy (see below). For conventional microscopy images were acquired with a Zeiss 
Axioskop equipped with a HBO 50 mercury lamp for fluorescence illumination, water 
immersion objectives (Achroplan 40X/0.75W, 63X/0.9W and 100X/1.0W), NDF (Neutral-
Density Filters) (0.06, 0.25, 0.5, d = 18), and a Hamamatsu digital CCD camera (C4742-95) 
controlled by the QED Camera Plug-in for Power Mac G4 (QED Imaging Inc., Pittsburgh, 
PA). Due to the high expression levels in Thy1-transgenic mice, fluorescent images 
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exhibited high signal-to-noise ratios (Suppl. Fig. 7), and where either not, or only slightly 
contrasted, if not stated otherwise. Each imaging session, from the time the slice was taken 
out of the incubator to the time it was put back, lasted approximately 10 minutes. The 
following imaging conditions were used for Thy1-mGFPs and Thy1-mGFP/spRFPs slices: 
40X objective, 0.25+0.5 NDF for up to 2 min to identify the proper axon (MF), 100X 
objective 0.25+0.5 NDF for 10-30 sec to identify the LMT (landmark); 100X objective, 
0.25 NDF for 5-7 min to acquire images (20-70/session, 512X512 pixels). Live imaging 
was carried out in region CA3b (Acsady et al., 1998); imaging of CA3c was excluded to 
avoid photo damaging of sensitive neuronal cell bodies. Under these conditions no photo 
damaging was detected following up to five separate imaging sessions (see later).  For time 
lapse recordings data set consisted of 36 different MF regions (N=4 MF) from >40 day-old 
hippocampal slice cultures, imaged for 3-6 minutes (10 sec frames). Measurements were 
performed with Image software, using a threshold function, by an observer blind to the 
experimental conditions. Where indicated, Sp-cAMPS (Biolog), Glutamate (RBI), 
Cytochalasin D (Sigma), TTX (Allergen AG, Switzerland), AMPA (RBI, 400 nM), AP5 
(RBI, 100 µM), cycloheximide (Sigma, 60 µM), SYM2206 (Tocris, Bristol, 100 µM), and 
BDNF (serum starvation over night, followed by serum free conditions with the 
neurotrophin (Marty et al., 2000)) were added to the culture medium after a first imaging 
session. The treatment with Sp-cAMPS was limited to 20 min, when cultures were washed 
and then imaged at the intervals indicated in the figures. Glutamate was applied at 
concentrations of 10-100 µM directly into the culture medium after the first two time points 
were acquired (To and T6h). AMPA (with or without AP5) and cycloheximide were applied 
for 6h (24 h treatments were toxic). Basal values of LMTfil dynamics at 1d were not 
affected by a 6h treatment with cycloheximide (MI = 0.48 ± 0.05, unpaired t-test P = 0.9). 
When cycloheximide was combined with AMPA + AP5, the protein synthesis inhibitor was 
applied 1h before the Glutamate receptor agonists.  
Hippocampal slice cultures were stimulated in the CA3 stratum lucidum region with 
monopolar glass electrodes. The electrodes were placed in the proximity of mGFP-positive 
MF axons, which were subsequently analyzed for LMTfil dynamics. Reliable stimulation of 
MF is achieved by this protocol (not shown). Two stimulation patterns were used: 1) High 
Frequency Stimulation (4 times 100 Hz for 1s each; interstimulation interval: 30 sec; single 
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stimulus duration: 100 µs); 2) Low Frequency Stimulation (1 Hz for 15 min; single 
stimulus: 100 µs).  
 
Hippocampal whole mount preparation (Khalilov et al., 1997). Following decapitation, the 
brain was dissected in ice-cold medium in the presence of TTX and Mg2+ to prevent 
transmitter release-dependent toxicity. Cerebellum and frontal lobes were removed by 
coronal cuts, and brain stem, midbrain and striatum were separated from the hippocampus, 
using 2 spatulas. The entire procedure, from sacrificing the mouse to the whole-mount 
preparation, took less than 6 minutes. The right and left hippocampi, connected ventrally 
through the septum, were then exposed for direct imaging (continuous oxygenation with 
95% O2, 5% CO2) under a fluorescent upright microscope. Only terminals belonging to 
granule cells in the free blade of the hippocampus could be imaged with this procedure.  
 
Analysis of epV dynamics. Typically, axonal segments in CA3 (400-500 µm) were selected 
based on the presence of easily identifiable landmarks, such as LMT or characteristic axonal 
curvatures. Segments were then scored for the presence of swellings and/or filopodia. To be 
considered as epV, mossy fiber axonal swellings had to fulfill the following criteria: 1) The 
maximal diameter (perpendicular to long axis if epV is elliptical) had to be at least twice the 
width of the corresponding axon (the focal plane where a varicosity was most evident was 
used for size measurements); 2) swellings had to be visible in at least 2 focal planes to avoid 
potential image acquisition artifacts; 3) to exclude swellings reflecting axonal transport, 
epV had to be detectable at the same position along the axon throughout at least two 
separate observations. Data from 400-700 µm long continuous stretches of axons were 
aquired for all experimental conditions, and all terminal structures of a given type (epV, 
LMT, LMTfil) were included in the analysis. An experimenter blind to the experimental 
conditions performed all size measurements with Image software at 8:1 magnification, 
using a threshold function to a single level throughout each session. To control for possible 
artifacts that may have been introduced through image analysis, the experimenter blind to 
the experimental conditions also scored the raw data. No significant difference was detected 
between the two data sets (9.4% versus 8.6% dynamic epV). Values were averages of three 
measurements. 
 
79 
Results: pre-synaptic terminal dynamics                                                       Materials and methods
 
Quantification of LMTfil dynamics. LMTfil were defined as any axonal extension 
unequivocally traced back from a swelling larger than 3 µm (LMT) in diameter. Individual 
images were superimposed in Adobe Photoshop, and rotated to correct for x-y shifts. Single 
layers were then opened with Image software, "Threshold" and "Make Binary" tools were 
used to standardize measurements within one imaging session, and filopodial areas were 
calculated. Measurements were carried out by an observer blind to the experimental 
conditions. A motility index (MI) based on accumulated filopodial areas while the filopodia 
move over time was derived as described (Dunaevsky et al., 1999; Chang and De Camilli, 
2001). Two filopodium configurations exhibiting equal length, and a 50% overlap in area 
lead to an MI value of 0.5. By only considering as dynamic LMTfil with MI values larger 
than 0.6, we excluded the possibility of including variations due to local tissue distortions. 
This possibility was further excluded by analyzing 3D reconstructions of LMTfil 
configurations. Ranges of LMTfil retraction/elongation rates were as follows: untreated 
slice, average value: 2 µm/4 h; max. value: 4 µm/4 h; BDNF treated slices: average value 4 
µm/4 h; max. value 8 µm/4 h; NCAM-/- slices: average 5 µm/4 h; max. value 10 µm/4 h. 
Stat view (for Mac) was used for all the statistical analysis. 
 
Time-lapse imaging and analysis of slices from Thy1-spGFPmu mice. To visualize the 
dynamics of synaptic puncta, imaging fields were about 80 µm2. To maximize the 
discrimination of puncta from background, parameters were set as follows: argon laser 488 
nm (GFP imaging); barrier filter 505-525; intensity minimized to 5% with C.A. 100µm; 
PMT 800; gain 5.3; offset 0%. Initial scanning of the slice was carried out using neutral 
density filters (fluorescent mode). Stacks included all puncta within a given range of z-axis, 
and were projected onto one plane for analysis (horizontal view). Background was 
subtracted using an option of the Fluoview software, and "Metamorph 4.6r7" was used for 
the subsequent steps. All images acquired during the same session were thresholded 
equally, and superimposed correcting for x-y shifts. To try to standardize fluorescent signals 
among different confocal sessions, at the beginning of each session we set the gain and 
offset to ensure that the same saturation levels were obtained (i.e. most intense signal just 
below saturation, and background adjusted just above detection limit). Sizes of puncta were 
calculated with an Integrated Morphometric Analysis tool. Only puncta between 1.5-3 µm 
and/or 50-300 pixel area (0.14667 pixel/ µm) were included in the analysis. This range was 
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chosen to exclude transport packets and LMT. To exclude ambiguities due to sub-micron 
(0.1-0.5 µm) shifts in the position and shape of puncta, only gain/loss events with no 
detectable fluorescence in the surrounding 0.5 µm were included in the analysis. Changes in 
the size and/or shape of puncta were not scored as gain/loss events. The size of boutons in 
the CA3 region was in accordance to previous in vivo data (1-10 µm), and subsequent 
immunocytochemistry for synaptic vesicle markers yielded labeled structures 
undistinguishable from those previously detected in the living cultures (data not shown).  
 
Controls for photo damage.  All slices and structures included in the analysis were assessed 
for signs of photo damage one day after the last imaging session. Characteristic signs of 
damage (mGFP marker) include: drastic weakening of fluorescent signals; swelling and 
breakdown of axons into a chain of beads; blurred GFP signals around membranes due to 
degradation and leakage; formation of large blebs on cell bodies and dendrites; loss of 
dendritic spines (Bastmeyer and O'Leary, 1996). Using Neutral Density Filters, objectives 
with high NA, laser intensity <5%, and minimizing exposure and picture acquisition times 
(one imaging session lasted around 10 min overall), axonal segments of up to 500 µm could 
be imaged repeatedly (at least 4 different time points), without inducing photo damage. 
These imaging conditions did not influence dendritic motility and short term axonal 
dynamics or axonal transport (data not shown). In a further set of control experiments, we 
determined the possible influence of fluorescent light on the translocation rates of transport 
packets (spGFP marker). Translocation rates were 0.08 ± 0.05 µm/sec (in the vicinity of 
stable clusters; N = 24, 6 slices), and 0.3 ± 0.1µm/sec (>10 µm away from stable clusters; N 
= 37, 9 slices). These values are in good agreement with those reported from dispersed 
culture studies (Li and Murthy, 2001), and were not affected by the imaging conditions used 
in this study (no detectable changes between sessions, or up to 2 days after the last session, 
when up to 3 fields of ca. 150 µm2 were imaged repeatedly). 
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2.2.6. FIGURE LEGENDS 
 
Fig. 1.  Visualization of mossy fiber arborization and presynaptic endings using transgenic 
lines expressing membrane- and/or synaptic vesicle-targeted spectral variants of GFP in 
subsets of neurons.  
(a) First row, first panel: Expression of mGFP mRNA in small subset of hippocampal neurons 
of Thy1-mGFPs mouse. The in situ hybridization panel shows single dentate gyrus granule 
cells expressing transgene (dark color reaction (arrowheads); 8 positive neurons are shown on 
the section). H, hilus. First row, second panel: Schematic representation of presynaptic 
terminal distribution along granule cell axon (mossy fiber). EpV and LMTfil synapse onto 
inhibitory interneurons (I), whereas LMT form complex synapses with excitatory CA3 
pyramidal neurons (E). First row, third panel: Visualization of MF axon expressing mGFP. 
The high-magnification panel shows details of the axon in CA3b, with one LMT (asterisk), 
three LMTfil (arrowheads), and one epV (arrow).  
Second row: Accumulation of synaptic vesicle clusters in LMT (asterisks), and at LMTfil 
endings and varicosities (arrows). Live imaging of slice culture from Thy1-mGFP/spRFPs 
mouse; ax: axon. Bar: 12 (first row, third panel), and 14 µm (second row). 
(b) Synaptophysin (presynaptic marker) and NR1 (postsynaptic marker) at anatomically 
identified (mGFP fluorescence) epV, LMT and LMTfil. Slice cultures were fixed and stained 
with anti-synaptophysin (syn, red; first two rows) and anti-NR1 antibody (green; all rows). 
The axon has been pseudo-colored (purple mask). First row: z stack projection (121 images) 
of mGFP-expressing mossy fiber (Thy1-mGFPs), with 4 synaptophysin and NR1-positive epV 
(arrows). Inserts on the right: detailed views of single confocal images from two boxed 
regions, demonstrating co-localization of the two synaptic markers at epV (arrowheads). 
Second row: z stack projection (27 µm) from a Thy1-mGFPs culture. Note co-localization of 
both synaptic markers at LMTfil (arrows, ax1). Panel on the right: single confocal image from 
the boxed region, showing co-localization of both synaptic markers at one LMTfil 
(arrowhead). Third row: z stack projection (52 images, 10.4 µm) across one LMT (asterisk) 
and its LMTfil from a Thy1-mGFP/spRFPs culture. Note co-localization of SpRFP 
fluorescence and NR1 at LMTfil (arrows). Panel on the right: single confocal image from the 
boxed region, showing co-localization of both synaptic markers at one LMTfil (arrowhead). 
Bar: 3/1.4 (upper row / single plane images on the right), 5/2.7 (middle row / single plane 
image on the right), 4/0.7 µm (lower row /single plane image on the right). 
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Fig. 2: Matched frequencies of synaptophysin puncta appearance and disappearance events in 
mature hippocampal slice cultures.  
(a) Dynamics of spGFP puncta. Two examples each of confocal time-lapse imaging in CA3b 
over 2 hours (panels on the left) and 1 day (panels on the right). Figures are projections of 43 
images, spanning 7.6 µm in the z-dimension. Arrows/arrowheads point to clusters larger than 
1.5 µm, which stayed (white), disappeared (red), or appeared (yellow) during the observation 
time. Double-arrowheads point to examples of transport packages (< 1µm). Note rapid 
translocation of transport packages. While exhibiting alterations in shape, the majority of 
puncta were maintained. Asterisk: LMT. Bar: 3 µm.  
(b) Turnover of spGFP puncta in CA3b in hippocampal slice cultures at 13, 40 and 75 days in 
vitro (Thy1-spGFPmu mice). G: gain events; L: loss events. Note higher frequency of turnover 
with net increase of puncta in the young slice culture, and balanced appearance/disappearance 
events in the older cultures. Time between observations: 1 day. The values are means and 
SEM from 5 representative fields (at least 50 puncta per field). 
 
Fig. 3. EpV dynamics in mature hippocampal slice cultures.  
(a) Time-lapse imaging series in 1.5 months cultures. The two top panels show examples of  
epV (arrows) that were stable over 6 (first row) and 3 days (second row). The four bottom 
panels show examples of dynamic epV. The varicosities in the third and fifth row appeared 
during imaging (yellow arrowhead), whereas that in the fourth row persisted for four days 
(red arrowhead), and then disappeared. The bottom panel shows a low magnification view of 
the axon in the fifth row (at 5d); the epV imaged during the experiment is boxed. Note the 
presence of landmark structures (e.g. LMT, asterisk) along the axon, allowing for 
unambiguous relocation of imaged epV at subsequent imaging sessions. Bar: 5 µm. 
(b) Dynamics of epV in one month-old slice culture (Thy1-mGFPs mice). Note equal 
frequencies of appearance and disappearance events. Time between observations: 5 days. 
Values are means and SEM (12 mossy fibers).   
(c) Frequency of dynamic epV as a function of the time elapsed between repeated 
observations (N = 8, 146 epV).  
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(d) Sp-cAMPS increases the fraction of dynamic epV and their turnover rates, but not their 
total numbers. Time between observations: 1 day; N = 4, 1395 µm of total axonal length each. 
The fraction of dynamic epV was significantly increased (P = 0.01, Mann-Whitney test). 
 
Fig. 4.  LMTfil dynamics in mature hippocampal slice cultures. 
(a) LMTfil dynamics under basal conditions.  Time lapse imaging of Thy1-mGFPs 1.5 month-
old slice cultures. Imaging of LMTfil over 1 and 4 days (wildtype; first and second rows), and 
7 hours (NCAM-/-, third row). Red arrowheads: lost or retracted filopodia; yellow 
arrowheads: new or extended filopodia; asterisks: LMT. Note presence of stable and dynamic 
LMTfil on same LMT (second row), and enhanced dynamics in the absence of NCAM. Bars: 
5µm. 
 (b) Dynamic LMTfil contain synaptophysin in living tissue slices. Examples of two repeated 
observations over 1 day in 45 (top row) and 53 day-old (bottom row) Thy1-mGFP/spRFPs 
tissue slices. Remodeling of LMTfil at both the membrane (mGFP) and synaptic vesicle 
(spRFP) level is evident in living terminals over 1d (arrows, top row). Note the presence of 
spRFP signal at dynamic LMTfil endings (arrows). Asterisks are LMT. Ax: axon. Bar is 5 µm 
in top row and 4.2 µm in bottom row. 
 (c) Effects of Cytochalasin D, Glutamate, AMPA, and 100 Hz stimulation on LMTfil 
dynamics. Experimental conditions as described above. Cytochalasin D (5 µM; arrows 
point to LMTfil that were dynamic before, but not after Cytochalasin D) and Glutamate 
(100 µM) were added immediately after the second observation. AMPA was added for 6h, 
immediately after the first observation. The high-frequency stimulation protocol was 
applied immediately after the first observation (panel on the right: 1d, lower magnification 
image to show the position of the LMT, arrowhead). Note substantial change of LMTfil 
arrangement 1d after 100 Hz stimulation. The unusually long LMTfil on the right also ends 
with a swelling (arrow), suggesting the presence of a presynaptic terminal. Bars: 5µm. 
 
Fig. 5.  Regulation of LMTfil dynamics through high-frequency stimulation, AMPA-
receptor activation, Sp-cAMPS and BDNF in mature hippocampal slice cultures.    
(a) Average motility indices (MI) of LMTfil without (Con), or with treatments, as 
indicated. The graph shows deviations of MI values from those under control conditions. 
Absolute values for MI under control conditions were 0.28 ± 0.03 (6h) and 0.47 ± 0.05 
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(1d). Sample sizes for each experimental condition: 24-36 LMTfil, 10-15 LMT, 4-6 mossy 
fibers, 4-6 independent experiments; values are means, and SEM.  Cytochalasin D induced 
a significant reduction in MI (P = 0.0002, paired t-test); MIs in the absence of NCAM were 
significantly higher than control (P = 0.0007, ANOVA, Fisher's test); Glutamate, AMPA 
and BDNF, Sp-cAMPS and 100 Hz stimulation enhanced average MI values at 1 day (P = 
0.005, 0.004, 0.02, 0.02, 0.01, respectively, unpaired t-test), whereas TTX, Glutamate + 
SYM2206, SYM2206 alone, BDNF + anti-BDNF (kind gift of Y. Barde, BDNF+A), low-
frequency stimulation (1 Hz), 100 Hz + SYM2206, AMPA + Rp-cAMPS, and Rp-cAMPS 
alone were not significantly different from control (P = 0.3, 0.7, 0.95,  0.9, 0.35, 0.6, 0.6, 
0.4 respectively). 
(b) Long term (1 day) regulation of LMTfil dynamics. The histogram shows the 
distribution of MI values for each experimental condition. MI values are grouped as 
follows: < 0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, >0.8. Treatments and sample sizes were as 
described in (a). Glutamate, Sp-cAMPS, BDNF, or high-frequency stimulation reduced the 
fraction of stable LMTfil, while increasing the incidence of LMTfil with high dynamics 
(MI > 0.8). 
(c) Transient enhancement of LMTfil dynamics by high-frequency stimulation protocol. 
Sample size: 35-42 LMTfil, 10-15 LMT, 3 mossy fibers, 3 independent experiments for 
each time point. Each average MI value was measured for 1 day. MI values at 2d after 
stimulation had nearly reversed to control values.   
 
Fig. 6. Stimulation of spGFP puncta dynamics by AMPA or Sp-cAMPS (Thy1-spGFPmu 
mice) and proposed model of presynaptic terminal dynamic regulation.      
40 days hippocampal slice cultures analyzed in CA3b. G: gain events; L: loss events. Drug 
treatments were for 20 minutes (Sp-cAMPS) and 6 hours (AMPA+AP-V). Time between 
observations: 1 day. The values are means and SEM from 5 representative fields (at least 50 
puncta per field).  
 
Supplementary Figure 1: Hippocampal slice cultures from Thy1-mGFPs mice allow the 
visualization of the terminal arborization of subsets of Dentate Gyrus (DG) granule cells. 
Images are projections of confocal stacks spanning 51.15 (large panel), 33.17 (left bottom 
panel), and 11.04 µm (right bottom panel) in the z-dimension. Large panel shows at low 
magnification the DG-CA3 area of the hippocampus. Note mossy fiber axons originating 
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in the granule cell layer (boxed region 1), exiting the hilus (H), and coursing in the CA3 
region (arrows), where their terminals were imaged. Left bottom panel is a high 
magnification image of the boxed region 1. Note granule cells bodies (asterisks), basal 
dendrites and the initial part of MF axons (arrows). The right bottom panel is a higher 
magnification confocal stack through the boxed region 2. Note the relatively few MF that 
allow high resolution imaging of their terminals. Three examples of  LMTs are indicated 
by the arrowheads. Arrow bar is 130 µm in the large panel and 45 µm in the two small 
ones. 
 
Supplementary Figure 2.  Visualization of terminal arborization with mGFP, and of 
presynaptic terminals with spGFP. Imaging of acute whole mount gluteus muscle 
preparations from Thy1-mGFPmu and Thy1-spGFPmu mice. Neuromuscular junctions were 
counterstained with α-Bungarotoxin to visualize postsynaptic Acetylcholine receptors 
(αBtx; merged images). The characteristic arrangement of pre- and postsynaptic elements 
at the neuromuscular junction allows for a detailed validation of the subcellular 
compartment markers used in this study. The mGFP membrane marker visualizes motor 
axons and the details of their arborization at the neuromuscular junction, whereas spGFP 
selectively visualizes presynaptic terminals (see also (Li and Murthy, 2001)). The inserts 
show higher magnification views of individual neuromuscular junctions. Bar: 50 µm. 
 
Supplementary Figure 3: Characteristic presynaptic patterns visualized by spGFP in 
slices from Thy1-spGFPm mice. (a-k): un-processed fluorescence images of CA1 (a, c, d, e) 
and Dentate Gyrus (DG)-CA3 (b, f-k) regions from living hippocampal slice cultures. (a) 
and (b) are low magnification examples from CA1 pyramidal layer and CA3b regions 
shown at the same magnification. Note punctuate synaptic pattern of expression of spGFP; 
larger spGFP clusters in CA3 presumably correspond to MF terminals (arrows). Asterisks 
mark cell bodies. An example of region CA1 stratum radiatum at low magnification is 
shown in (c). In (e) a high magnification of the boxed region from (d) is displayed. Note 
clear puncta in CA1 stratum radiatum (arrows). Low magnification of the DG-CA3 border 
is shown in (f). The infrapyramidal (INFRA) and suprapyramidal (SUPRA) mossy fiber 
terminal layers are indicated. A low magnification image of the DG Molecular Layer 
(ML)- Granule cell Layer (GCL)- Hilus (H) boundaries is shown in (g). Note larger spGFP 
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clusters in the hilus, where MF terminals are also located. A high magnification image of 
the boxed region in (h) is shown in (i). Note the prominent accumulations of spGFP, 
corresponding to the large MF terminals (arrows); these are never observed in region CA1 
(see (e) for a comparison at the same magnification). In (k) the high magnification picture 
from boxed region in (j), shows presynaptic puncta on a CA3 pyramidal neuron dendrite 
(evident from background signal) (arrows) and cell body (arrowhead). Bar is: (a, b) 45, (c) 
70, (d) 30, (e, i) 8, (f) 145, (g) 65, (h) 55, (j) 12, (k) 6 µm. 
 
Supplementary Figure 4: LMT undergo spatial rearrangement in shape, but do not change 
their numbers or position over many hours in mature hippocampal slice cultures. Top panels 
show an example of confocal time-lapse imaging on two LMTs (asterisks) in a Thy1-mGFPs 
slice. Arrow points to an LMTfil. Each of the 3 un-processed panels is a projection of 63 
images spanning 11 µm in the z-dimension. Bottom panels are frames from a representative 
confocal series from a Thy1-spGFPm slice. Each panel represents a projection of 36 images 
spanning 6.3 µm in the z-dimension of a representative field containing the LMT indicated by 
the asterisk in its entirety. Note shape alterations over 18h period. The smaller panels show 
the same LMT (asterisk) from different angles. Bar is 3 µm for top panels and 2 µm for 
bottom ones. 
 
Supplementary Figure 5: Mossy fibers are characterized by a dynamic activity at axonal 
filopodia and varicosities in the adult hippocampus ex vivo. (a, b) The panels are 
fluorescent un-processed pictures of mossy fibers from a 120d whole mount hippocampal 
acute preparation. (a) shows at low magnification a mossy fiber coursing from bottom left 
to top right. The three panels at the bottom represent the boxed region imaged over 8 
minutes. Note the retraction of a filopodium indicated by the arrow. (b) The panel shows a 
low magnification of a MF bearing an epV (boxed region). The same epV is shown in the 
three bottom panels imaged over 10 min. Note a rapid phase of filopodial extension-
retraction from the epV, indicated by the arrow. Bar is 3.7 in (a) and 1.5 µm in (b). 
 
Supplementary Figure 6: Propidium Iodide (PI) assay for cell death in long term 
hippocampal slice cultures. Control and treated slices were analyzed for the presence of 
cell death (see methods) 1 and 2 days after treatments. All hippocampal slices are 
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positioned in the same orientation, with the CA3 region on the right. (a) Positive control: a 
slice left for 4 days without nutrients and O2 is degenerating. Note in (b) at high 
magnification the fluorescent nuclei (arrows). (c) Control slice, 1 month-old. A broken 
glass electrode was used to kill cells locally (arrow), and investigate their removal kinetics. 
After 2 days they were still detectable indicating that PI incorporation is an appropriate 
tool to investigate the possible toxicity of our treatments. (d) Further example of untreated 
1month slice culture. Note variability, but relative paucity in the number of dead cells, 
when compared to (c). (e) Example of a slice kept for 3 months in vitro, without further 
treatments. (f) Example of a 34 day old AMPA+AP5 treated slice, 2 days after application 
of the drugs. (g) 1 month slice stimulated with 100 Hz protocol and assayed for PI 
incorporation 2 days later. (h) Example of the digital mask applied in this case to the raw 
image in (c), to count number of cells with Image software. (i) Quantification of dead cells 
in 1month and 3 month cultures. Data from each condition are mean±SD from 4-6 slices, 3 
independent experiments. There was no significant increase in the number of dead cells 1 
day after the treatments (P = 0.7 and 0.8 for AMPA+AP5 and 100 Hz respectively, versus 
control group). Same results were obtained for Glutamate, TTX, BDNF and cAMP under 
the conditions used in our experiments. Moreover, all the drugs were tested at higher 
concentrations and for longer times in cell death assays, and used at lower concentrations 
and for shorter times than those that proved to be safe for the presynaptic dynamics 
experiments. (j-l) Simultaneous AMPA-R and cAMP–dependent pathway activation leads 
to extensive cell death in hippocampal slice cultures. We obtained the same results with 
high doses of AMPA. (j): 1 day after treatment, (k): 2 days after treatment. (l) 
Degenerating MF in the slice shown in (j). Arrows point to beaded areas indicating a 
degenerating axon. 
 
Supplementary Figure 7: Representative unprocessed data from mGFP imaging sessions of 
slice cultures used in this study, exhibit high signal to noise ratios. (see also Suppl. Figs. 1, 3, 
4, 5 for other examples of unprocessed data). The processed picture representing a MF axon, 
was slightly contrasted in Photoshop. 
 
Supplementary Figure 8: Remodeling of mossy fiber axons in young, but not mature 
hippocampal slice cultures. Note the dramatic change in axonal branching and growth pattern 
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over 1 day in the representative example of young tissue (9 DIV, Days In Vitro, arrowheads, 
top panels). Arrows indicate LMTfil originating from LMT (asterisks). Ax, axon. Bar is 6 µm. 
 
Supplementary Video 1: There are 2 distinct classes of Thy1-spGFPm expressing clusters in 
mature slice cultures. The video illustrates the difference between small clusters (size range of 
transport packets, arrows) and larger ones (> 1.5 µm) in their dynamic behavior over a few 
minutes. Clusters in the size range of transport packets (0.3-0.6 µm, long axis; 0.2-0.4 µm, 
short axis) were seen moving rapidly back and forth along the axon (arrows). Larger clusters 
(> 1.5) did not move over minutes. Three stable clusters are indicated by the arrowheads. 
Frames were captured at 10 sec intervals, and the video sequence is shown at 15 
frames/second. 
 
Supplementary Video 2: Mature MF are characterized by foci of dynamic activity. The 
video shows a MF axon from a Thy1-mGFPs slice (40div) imaged over a few minutes. The 
arrow points to an epV, where protrusive activity (rapid filopodia extension-retraction events) 
is evident. On the same axon an LMT is out of focus (asterisk), and 2 of its filopodia are 
marked by the arrowheads. Frames were captured at 10 sec intervals; the video has been time-
compressed, and is shown at 15 frames/second.  
 
Supplementary Video 3: Young MF are characterized by more frequent and prominent 
dynamic activity than mature ones. The video shows a young MF axon from a Thy1-
mGFPs slice imaged over a few minutes (same slice culture as Suppl. Video 2). The 
corresponding granule cell exhibited the characteristic features of young granule cells: 
including the location in the DG GCL, a granular shape of cell body, one basal dendrite, no 
real spines on the dendrite but highly motile filopodia-like spines and highly motile growth 
cone filopodia at the end of axonal branches. Note an epV (arrow), where multiple events 
of filopodial extension-retraction are visible. A dynamic filopodium is evident towards the 
left (arrowhead). Frames were captured at 10 sec intervals, and the video is shown at 15 
frames/second. 
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3. DISCUSSION AND FUTURE PROSPECTS  
       
 
3.1. OVERVIEW  
The main efforts of my PhD thesis work focused on two lines of research: 1) to develop, 
characterise and demonstrate the value of novel genetic tools for the analysis of synaptic 
structure and dynamics and 2) to use these tools to investigate the plasticity of presynaptic 
terminals in mature networks at a cellular and molecular level.  
I will briefly summarise the main results of these studies, and discuss their relevance especially 
with respect to the current status of the field, and with respect to future lines of research that 
may follow these studies. Concluding remarks follow each of the two subsections.  
        
 
3.2. GENETIC TOOLS TO STUDY LIVE SYNAPTIC DYNAMICS AND FINE    
       DETAILS OF NEURONAL MORPHOLOGY  
 
3.2.1. Main achievements and relevance of results 
Since one of the main interests in the laboratory concerns structural synaptic plasticity, we have 
generated three independent targeted-GFP mouse lines with neuron-specific expression with the 
aim of targeting the neuronal membrane and the presynaptic site specifically. Three different 
constructs were designed which resulted in the expression of three GFP fusion proteins in 
transgenic mice: a plasmalemmal-targeting domain fusion with GFP (mGFP), a synaptophysin-
GFP fusion protein (spGFP), and a combination of the two (mGFP/spRFP).  
The correct targeting of the fusion proteins was tested in cell culture experiments as well as in 
intact tissue specimens from the transgenic mice.  Since this approach could have a number of 
practical general applications we carefully studied any possible phenotype of the mice with 
regard to morphology and physiology of the expressing neurons. We found no evidence of 
pathological or abnormal features in the transgenic neurons, or in their processes and synapses, 
in either normal or in challenged experimental conditions. This is an important finding because 
it validates the use of these mice as novel genetic tools for the study of synaptic plasticity. The 
remarkable feature of the Thy.1 promoter of driving expression in a great variety of neuronal 
types is both a strong and a weak point. A strength because as we show in the study, due to 
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occasional striking patterns of expression, visualization of the connections between many 
different types of neurons in different neuronal circuits becomes possible. This therefore permits 
the study of their plasticity in vivo or in whole mount preparations. On the other hand, it is not 
possible to predict and thus select the expression patterns, and a careful analysis of transgenic 
lines has to be performed in order to find patterns of interest. We have illustrated in three 
experimental systems the unique advantages of these mice for the study of synaptic plasticity in 
both the CNS and PNS.  
 
First, using mGFP mice we have studied the morphology of dendritic spines in adult brain tissue 
with high-resolution confocal microscopy and compared it in cGFP mice. A main result is that 
for complex dendritic branches, cGFP expression does not allow single spines to be resolved. 
The strong shaft fluorescence signal, in fact, masks the one from the little dendritic protrusions. 
Moreover the outline of spines is completely absent in cGFP expressing dendrites. Finally, the 
lack of diffusion of cGFP in distal basal dendrites precludes the study of this region using cGFP 
mice. The existence of complex spine regions (i.e. protrusions emerging from the tip of spine 
heads) along dendritic branches is demonstrated with mGFP mice (Fig. 3, 4). These data, 
together with the comparison with cGFP markers, establish our approach as the method of 
choice when high resolution imaging of small structures matters. 
Second, using spGFP mice we studied Synaptic Vesicle (SV) dynamics at mammalian NMJs in 
vivo. Previous studies documented that the configuration of the nerve terminal endings at NMJ 
does not change shape during development, but it is instead confined to expansion of a 
conserved pattern (Balice-Gordon and Lichtman, 1990). How do SVs mature in presynaptic 
terminals of peripheral nerves? Do they also expand during development, maintaining a 
conserved pattern? From our studies it does not seem to be the case. We observed a 
reorganization of developing SV clusters. This dynamic behavior at developing NMJs adds a 
new important level to the investigation of presynaptic maturation. It will be interesting to study 
the role of synaptic activity in this SV maturation process. The elegant experiments of synaptic 
competition at single nerve terminals (Balice-Gordon and Lichtman, 1994) can thus be extended 
to study how SVs are reorganized upon this impaired activity at single NMJs. For example, 
when only one side of the NMJ vesicle pool is blocked with BotA, how are the SVs from the 
blocked side going to be eliminated? And do the active SV clusters reorganize accordingly? 
Moreover, a characterization of the dynamics of SVs during synapse elimination at developing 
NMJ is currently lacking. How are SVs reorganized upon synapse takeover and elimination at 
postnatal developmental stages? Answers to these questions will add a molecular mechanistic 
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view on the amount of data already existing regarding dynamics of axon terminals at developing 
NMJs. Our data based on the use of spGFP mice, although preliminary, constitute an important 
starting point in this direction.  
Third, using mGFP mice in a slice culture experimental system, we studied the behavior of 
young granule cells while they developed in a mature network. We discovered that the Thy.1 
promoter drives expression in young, presumably newly born, cells in the DG. These young 
granule cells were followed in the mature network with respect to their short-tem process 
dynamics and axonal development. Our results are consistent with the hypothesis that axonal as 
well as dendritic short-term dynamics are a cell autonomous phenomenon and not a function of 
the maturity of the neuronal network. Moreover they indicate that these newly born cells might 
use similar mechanisms to developing granule cells, to integrate into adult networks. Our 
understanding of young granule cell axon guidance biology could greatly profit by molecular 
and cellular studies using this system. In fact, nothing is known about possible guidance cues 
that direct new neurons in the adult network. Since molecules used by the developing nervous 
system are still present in adult animals, they are good candidates to mediate this process. Our 
simple in vitro system that relies on the mGFP marker to label the neuronal membrane 
effectively, promises to be helpful in the characterization of the molecular mechanisms 
underlying this fascinating aspect of neuronal biology. Furthermore, the molecular mechanisms 
of young granule cell development, notably activity-dependent regulation of synapse formation 
and plasticity, can also be investigated using our approach. 
 
3.2.2. Future applications of the genetic tools    
A number of transgenic mice that express multiple forms of cytosolic GFP (cGFP) in the 
nervous system are currently available. These transgenic mice have had a great impact in the 
study of synaptic dynamics especially in the PNS, but recently also in the CNS (Grutzendler et 
al., 2002; Trachtenberg et al., 2002; Walsh and Lichtman, 2003). One great advantage over 
other methods of visualization of neuronal morphology that also use mice and fluorescent 
markers (e.g through viral infection, gene gun or DiOlistics), is the possibility of following at 
any time the fluorescent signal in intact tissues without invasive manipulations. This is 
remarkable because it allows the study of synaptic dynamics in vivo, making little, if any 
assumptions. Our approach of GFP-fusion protein expression in neurons of transgenic mice, 
while holding this decisive advantage for the study of neuronal morphology, constitutes an 
evolution and a major improvement over the last generation of GFP transgenic mice. Our new 
generation of “green” mice provides the following advantages: first, it allows the visualization 
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of the entire neuronal membrane (mGFP) thus enabling the detailed study of both axonal and 
dendritic dynamics with higher resolution for thin structures like filopodia and spines. This can 
be very useful when the detail of the analysis is central, as is for in vivo imaging of synapse 
dynamics or for the analysis of subtle structural phenotypes in mutant mice (e.g. FMRP knock 
out).  Second, it allows monitoring of SV dynamics (spGFP and mGFP/spRFP) both at the NMJ 
and at central synapses in vivo. This possibility will certainly contribute to the progress of our 
understanding of presynaptic development and plasticity. Third, the simultaneous visualization 
of the neuronal membrane and the SV inside is now possible (mGFP/spRFP). This is the 
prototype of a next generation of transgenes that will permit the study of the relationships 
between two different subcellular compartments in real time (De Paola et al., 2003). Thus our 
approach promises to bring a new impulse to the study of synaptic plasticity.    
  
Further examples of the use of selective neuronal expression of GFP fusion proteins in 
transgenic mice are: 1) the possibility of preparing neuronal cultures that express the three GFP-
reporter genes from these mice. A dispersed hippocampal neuron co-culture approach has been 
already tested in the lab to investigate the properties of genetically modified terminals (e.g. in 
CAP23 knock out animals; Frey, Wacha, De Paola and Caroni, unpublished data). In particular 
the selective labelling of wild type (wt) neurons using a ubiquitous expressing line of mGFP 
(L17) enabled us to distinguish between CAP23 knock out (no green fluorescence) and wt 
terminals (green) in the co-culture system. This approach is useful when investigating 
mechanisms of synapse formation and maintenance because in the co-culture dish diverse 
arrangement of pre- and post synaptic sites coexist. Namely, wt presynaptic terminals can be 
faced by knock-out postsynaptic sites and/or vice versa, thus allowing determination of the sites 
and modes of action of a synaptic protein.  
2) The possibility of studying relevant models of nervous system diseases and mutant mice. I 
will briefly outline here but two of the more compelling examples to illustrate this point. 
We crossed our spGFP and mGFP/spRFP mice with a mouse model of Amyotrophic Lateral 
Sclerosis (ALS) (Gurney et al., 1994), a devastating progressive disorder that affects motor 
neurons. ALS mice die at around 140 days of age and display a number of defects in NMJ 
physiology and function. However, the precise sequence of events that leads to synaptic loss is 
unknown. This information is important because it will direct potential therapeutical strategies. 
SpGFP and mGFP/spRFP mice might be very helpful in this context. Our hope is to characterise 
the defects in ALS NMJs at the level of SV organization and dynamics at different 
developmental stages, including those stages when there is no detectable phenotype. Thus our 
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tool may introduce a new level of investigation in the study of ALS. 
The second example regards the full NCAM KO mouse. The role of Neural Cell Adhesion 
Molecule in presynaptic function is far from being understood and important questions relate to 
the roles of each of the three different NCAM isoforms present in mammals. However, given the 
defects in synaptic vesicle mobilization and recycling at NMJ (Polo-Parada et al., 2001) we have 
crossed NCAM KO mice (together with different NCAM isoform mutations in transgenic mice; 
Hund and Caroni, unpublished data) with spGFP and mGFP/spRFP mice with the aim of 
studying SV dynamics in a mouse model with impaired neurotransmitter release. Hopefully this 
approach will give us further insight into the role of NCAM in presynaptic function and in the 
role of SV dynamics at mammalian NMJs. 
3) The study of the plastic (upon reinnervation or sprouting) properties of single motor units. 
BotA-mediated paralysis triggers a plastic response of the nerve terminal called sprouting. We 
used a mGFP line with expression in single motor axons (L21) to follow the sprouting behaviour 
of NMJs belonging to the same motor unit. This analysis revealed, unambiguously, that 
sprouting competence is not determined by the motor neuron, since NMJs belonging to the same 
motor axon exhibited different extents of responses to the paralysis (Santos, De Paola and 
Caroni, unpublished observations, Discussion figure 1). A recent study also describes the benefit 
of single neuron transgenic GFP lines (Livet et al., 2002). Moreover, in this system the long-
term behaviour of presynaptic terminal apparatuses in response to this activity blockade can be 
related to the correspondent status of the postsynaptic complex. Recent data in the lab using 
both mGFP and spGFP mice, point to differences in plastic responses of NMJs among different 
muscles but also among subregions within the same muscle (Santos, Pun, De Paola and Caroni, 
unpublished data). These differences might be due to the local environment and to intrinsic 
differences in nerve terminals. Repeated observations of mGFP and spGFP expressing NMJs 
upon synaptic silencing and upon pharmacological manipulations in living animals will allow us 
to follow, in real time, nerve terminal responses and therefore to gain a deeper understanding of 
their mechanisms of action. At the same time, it would be interesting to establish a parallel in 
the CNS. The ability to monitor the behaviour of different types of terminals along the same 
axon for extended periods of time in hippocampal slice cultures, will reveal to which extent 
similar phenomena occur at central synapses. 
 
 
Ideally, one would prefer to label functionally connected neurons. The next generation of 
reporters could have the capacity to label neurons transynaptically allowing direct visualization 
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of neuronal circuits. For example tetanus toxin C fragment (TTC) fusion proteins are transported 
retrogradely and transynaptically within the CNS (Maskos et al., 2002). These, as TTC-targeted-
GFP fusions, might be used in transgenic animals (e.g. under the Thy.1 promoter) to label 
specific classes of interconnected neurons and enable their visualization in a non-invasive 
manner. 
        
3.2.3. Conclusions  
As outlined above, the potential use of targeted-GFP expression in neurons of transgenic mice is 
only at its dawn. Here we have demonstrated the distinctive features of this tool and presented 
three experimental examples of potential applications that open the way for future studies. We 
anticipate that targeted-GFP expression in adult neurons of transgenic mice will constitute a 
widely used tool to study morphological and dynamic aspects of both CNS and PNS synapses. 
Noteworthy is the possibility of employing this new generation of reporter-based method to 
study synapses in mammalian intact specimens.  SpGFP and mGFP/spRFP mice will be an 
invaluable tool to investigate SV dynamics in living terminals, especially in the mammalian 
cortex with the aid of two photon in vivo imaging technology. The possibility of crossing these 
mice into the appropriate genetic models (mutant mice) will also strongly increase their value, 
allowing investigation of the molecular mechanisms of synaptic plasticity and nervous system 
diseases with previously impossible experimental assays.  
 
 
3.3. PRESYNAPTIC TERMINAL DYNAMICS IN THE HIPPOCAMPUS  
      
3.3.1. Main findings, open questions and follow-ups 
While the growth and retraction of axons and dendrites, as well as that of presynaptic terminals 
and postsynaptic spines have been well-studied processes in the developing nervous system, 
there is increasing interest in monitoring synaptic dynamics in the adult brain. Profuse hints for 
the relationship between structural changes and cognitive changes already exist in the adult 
brain. Thus even if the cellular mechanisms for processing memory in the brain are not known, 
current theories include the possibility of changes in synapse number and/or structure and not 
just modification of their strength. In a variety of systems as well as in dissociated cells and 
brain slices there is evidence that modulation of activity, including long-term potentiation, 
involves structural changes of postsynaptic dendritic spines. In contrast, axonal dynamics of 
mature CNS neurons have not been studied extensively, and very little is presently known about 
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the stability of presynaptic terminals. Open questions include whether there is any turnover, 
whether such turnover is measured in hours, days or years, and how it is regulated. To address 
these important issues, we generated transgenic mice over-expressing different types and 
combinations of GFP-fusion proteins specifically in subsets of neurons in the adult (see above). 
Our experimental plan was based mainly on two tissue-organized specimens prepared from 
these mice. Because of its prominent role in learning and memory we chose the hippocampus as 
a model system, thus hippocampal whole mount acute preparations from adult mice and mature 
organotypic slice cultures (4-8 weeks) were used. This latter one is the only tissue-based 
technique that allows long-term imaging in the hippocampus.  
We developed then a method for prolonged (days and weeks) imaging at the level of single 
synapses. The possibility to follow, for the first time, the behavior of terminals in real time for 
such extended periods of time enabled us to discover a surprising degree of plasticity of pre-
synaptic terminals. The molecular mechanisms, in particular with respect to the role of activity, 
were also investigated. Our main findings are: 
1) Pre-synaptic terminal numbers in mature hippocampal networks are in a state of dynamic 
equilibrium 
2) Distinct types of terminals of the same neuron exhibit unique dynamic properties  
3) Stable terminals can be reversibly converted into dynamic ones by patterned electrical 
activity 
According to our proposed model (Discussion Fig. 2), activation of AMPA receptors by 
synaptically released glutamate leads to an increase in presynaptic terminal dynamics through 
PKA activation and de novo protein synthesis. These enhanced dynamics are transient: they are 
first detectable at 6h after stimulation, and revert to control values 2 days after stimulation. 
BDNF release may occur downstream of PKA activation, to stimulate de novo protein synthesis. 
Reversible enhancement of dynamics may involve transient elevation in the levels of critical 
protein(s), e.g. actin-regulating proteins or alternatively, negative regulators of NCAM. 
The exact location of the proposed regulatory cascade of events is yet to be determined. Does it 
take place in the pre- or postsynaptic cell?, this is a very difficult task to be solved in brain 
tissues. In fact it would require, in the simplest case, specific modulation of pre- or post-synaptic 
glutamate receptors. Injections of glutamate receptor blockers specifically in pre- or post-
synaptic cells could, in principle, help to elucidate this issue. Alternatively a granule cell-
enriched dispersed culture system (Baranes et al., 1996) could permit us to determine if the 
cascade of events that regulate MF terminal dynamics is purely a presynaptic phenomenon.  
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Another unresolved issue concerns the gene expression requirements. We suggest that new 
protein synthesis is necessary for the enhancement of presynaptic terminal dynamics. However, 
the relatively long time-scale of presynaptic terminal dynamics (several hours to days) does not 
preclude a gene transcription requirement. Further experiments with gene transcription blockers 
will answer this question. Nevertheless, the recent discovery that axons are, like it is already 
established for dendrites, sites of local protein synthesis (Brittis et al., 2002), will constitute an 
exciting field for future studies regarding presynaptic terminal dynamic regulation mechanisms.  
Further investigations will also be needed to gain a more complete mechanistic view of 
presynaptic terminal dynamic regulation. These include: 
How does AMPA-R activation lead to PKA activation? Since NMDA-Rs were blocked in these 
experiments, the possibility of NMDA-R-dependent Ca2+ entry and consequent activation of 
adenylyl cyclase and rise in cAMP levels is excluded. However, Ca2+ entry through voltage-
gated-calcium channels is still possible. This possibility can be tested using specific inhibitors 
for these channels while AMPA-R are activated.  
Is the BDNF mediated increase in LMTfil motility dependent on new protein synthesis? The 
answer to this question will more clearly define the relationship between BDNF and PKA 
effects.  
Downstream candidate effectors of activity in mediating the dynamics of presynaptic terminals 
are, as already mentioned, actin-regulating proteins and actin itself, but we cannot exclude a role 
for other cytoskeletal components like microtubules and neurofilaments. A further effector 
could be the tissue plasminogen activator, an extracellular serine protease that can be induced by 
LTP and mediate morphological synaptic plasticity (Baranes et al., 1998).  
 
Another promising subject for future investigations is constituted by the regulation of the basal 
dynamism that we reported. About 4 % of epV and 30 % of LMTfil are dynamic over a 1-day 
observation period in untreated conditions. We suggested that this was an intrinsic property of 
the hippocampal circuits in these mature organotypic cultures. It is still an open possibility that a 
protracted (days) blockade of synaptic activity can affect the basal dynamics of pre-synaptic 
terminals. Alternatively, other extra-cellular signals through regulators of the actin cytoskeleton 
(e.g. small GTPases) could mediate the basal dynamism that we report likewise for post-
synaptic sites during development (Cline, 2001). Guidance molecules and neurotrophic factors 
are still highly expressed in the adult brain, thus together with adhesion molecules and estrogen-
mediated pathways, are among other plausible candidates. 
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This study could open exciting future areas of research. We have discovered that in late 
developmental stages there is a fine equilibrium of presynaptic terminal gains and losses. This is 
more important than it may seem at first glance. In fact although synaptic density cannot grow 
indefinitely in the adult brain, and thus synaptic turnover is expected, it does not necessarily 
mean that presynaptic terminals are involved. Indeed, so far, synapse turnover has always been 
explained by the formation of multiple synapse boutons between new spines and pre-existing 
pre-terminals (Luscher et al., 2000). Therefore, in developing networks there seems to be an 
alternative program that leads to the increase in synapse number. What factors are responsible 
for the shift towards homeostasis in mature neuronal networks? The understanding of how a 
mature neuronal network achieves the kind of homeostasis we report with regard to synapse 
number should be a fruitful area of research. It is interesting to note that recent data point to the 
existence of a similar mechanism regulating spine turnover in adult cortical regions (Knott et al., 
2002; Trachtenberg et al., 2002). In both hippocampal and cortical networks, remarkably, 
enhanced synaptic activity leads to an increase in synapse turnover rates without an actual 
increase in number, suggesting that this activity-dependent regulation of homeostasis of synapse 
numbers can be a general distinctive feature of adult brain function. Our study provides a useful 
starting point for the investigation of the molecular mechanism underlying this homeostatic 
regulation. 
 
It is generally thought that the synaptic distribution patterns along an axon are determined by 
connectivity rules that likely depend on the length of the axon (Shepherd et al., 2002), but in fact 
the input to a neuron is also a determining factor. On the other hand, the input onto a single 
neuron is determined by the integration of the strength of the numerous synapses impinging on 
the correspondent cell body and dendritic tree (Hausser et al., 2000). This raises the intriguing 
problem of how a single GC differentially regulates the turnover of its three distinct MF 
presynaptic terminals. How are the plastic properties of presynaptic terminals determined? our 
data on the fine equilibrium in gains and losses suggest a regulation at the circuit level, possibly 
mediated by the local postsynaptic environment. However it would be of great significance to 
know if a similar regulation exists at the level of single axons. That is to say if the balance in 
gains and losses is maintained for a single mature axon. Our data over a 5-day observation 
period for epV, although to be used for statistical analysis they would need to be extended with 
a higher number of terminals per axon, indicate that this may indeed be the case. Similarly, cell-
autonomous phenomena might intervene in the activity dependency of pre-terminal turnover. To 
determine whether synaptic activity can act on MFs in a cell-autonomous way will require 
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changing the activity patterns of single GCs and then relating these impaired activity patterns to 
the dynamics of the correspondent presynaptic terminals. The recent development of 
sophisticated mutant K+ channels could be of use in this context (Paradis et al., 2001). 
 
Further areas of future research may include: the regulation of short-term axonal dynamics, 
particularly with respect to the role of activity (see for example (Chang and De Camilli, 2001). 
Our data on the short term dynamics of MF in whole mount preparations in the presence of 
activity blockers (i.e. TTX), suggest that activity is not required for short-term axonal dynamics. 
However, experiments designed specifically to address this purpose are necessary. They will 
require, for example, repeated monitoring of identified stretches of axon using mGFP mice 
without and with blockers of synaptic activity.  
The third type of MF terminal types, the large multisynaptic complexes on CA3 pyramidal 
neurons (LMTs), seems to be remarkably stable as a whole. This is in a way expected given 
their large size and the extreme complexity of their arrangement, and supports the idea that these 
terminals convey a different type of information to the CA3 network than epV and LMTfil (Toth 
et al., 2000). However, the possibility of the regulated remodeling of individual active zones on 
LMTs (Suppl. Fig. 4, Pag. 92), will certainly be the subject of further studies because of the 
prominent role of this synaptic complex for understanding mechanisms of LTP (Geiger and 
Jonas, 2000; Castillo et al., 2002). 
Finally, it will be interesting to know under the same experimental conditions how postsynaptic 
sites behave over such long time frames. This knowledge will tell us to which extent anatomical 
rearrangements of presynaptic terminals reflect functional changes in the neuronal circuit. Of 
course a more direct and informative, yet so far poorly explored (but see (Colicos et al., 2001)), 
approach would be to monitor both pre- and post-synaptic site dynamics contemporaneously. 
The few data in the literature in this regard support a functional role for presynaptic terminal 
dynamics. Thus turnover of postsynaptic sites has been studied in neurons in dispersed cultures, 
and seems to be happening at comparable rates to the one reported by us (Okabe et al., 1999). 
This study, observed PSD-95 tagged with GFP in cultured hippocampal neurons for periods of 
up to 1 day. Most of the PSD-95 clusters were stable but more than 20 % were eliminated within 
1 day. Moreover, similar findings on active presynaptic terminals (~ 20 % turnover of FM4-64 
structures in 24 hours) were obtained in experiments performed in long-term primary cultures of 
rat hippocampal neurons (Y. Ramati and N. Ziv, personal communication). Turnover of 
synapses has been recently demonstrated in the intact adult cortex, with a remarkable 
quantitative (40 % of dynamic spines over 1 day) and qualitative (e.g. the subdivision of spines 
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in distinct classes with different turnover rates, some very stable others less or the stability of 
dendritic branches) correspondence to our data (see also above) (Trachtenberg et al., 2002). So it 
seems likely that the pre-synaptic turnover we report reflects a turnover of synapses and thus has 
functional impact on neuronal networks.  
How synapse formation and elimination occur in mature brain circuits is not clear. Our data, 
with the involvement of AMPA-R and PKA activation, BDNF and protein synthesis, provide the 
first mechanistic details of possible scenarios. They support the idea that presynaptic complexes 
are assembled prior to post-synaptic ones during synapse formation in developing networks 
(Friedman et al., 2000). In fact a higher percentage (> 93 %) of MF terminals contained 
synaptophysin in living tissue including the dynamic ones (Fig. 4b), whereas postsynaptic 
receptors were apposed to MF terminals with lower percentages (~ 60-70 %), suggesting that the 
assembly of presynaptic sites also in these mature networks precedes that one of postsynaptic 
sites.  
 
In summary, for most future studies, be they at the MF pathway or at different pathways, the 
possibility of coupling imaging techniques to more sophisticated electrophysiological recordings 
or electron microscopy will be crucial for monitoring the functional effects of anatomical 
rearrangements of presynaptic terminals.   
         
3.3.2. Biological relevance of pre-synaptic plasticity 
By far the most interesting open question is the extent to which the presynaptic terminal 
dynamics demonstrated here in this study in the hippocampus also apply for axons in living 
animals. If this were the case, the implications would be considerable. In fact, the instability of 
presynaptic terminals would have far more drastic consequences for the connectivity of neuronal 
networks than rearrangements in postsynaptic spines. If specific sites along axons undergo 
constant changes including disassembly and formation of new terminals it is reasonable to 
assume that also the connectivity of the network will be, in turn, frequently altered. This 
challenges, in a way, the common understanding of long-term memory that is thought to rely on 
the long-term stability of brain structure. However, stable structures were indeed detected in our 
study (the LMTs) and thus this apparent paradox can be unravelled hypothesizing that memory 
is stored in these long-lasting synaptic sites. The question raised above will probably find an 
answer in the near future thanks to the development of imaging techniques, together with 
established paradigms for studying experience-dependent plasticity in cortical regions like in the 
barrel cortex (Trachtenberg et al., 2002). In vivo imaging of plasmamembrane-targeted GFP 
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expressing single cortical axons, and synaptophysin-GFP containing presynaptic terminals, or 
both simultaneously in the intact mouse cortex could constitute a further means to study this 
important, yet elusive question.  
 
The study of the activity-dependency of structural changes is critical in determining their 
physiological relevance. The finding that enhanced electrophysiological activity can regulate the 
structural plasticity of hippocampal presynaptic elements can be interpreted in functional terms 
only once we know more about the normal patterns of activity and how they relate to cognitive 
processes like learning and memory in the intact brain (and in particular in the hippocampus). It 
is possible that the frequency of electrical stimulation used by us (100 Hz for few minutes), 
which enhanced the turnover rates of presynaptic terminals, does not correspond to frequency 
patterns normally recorded in the intact brain. Nevertheless, the discovery that the synaptic-
activity-dependent enhancement in presynaptic dynamics is transient, strongly argues for a 
physiological role of activity in the regulation of presynaptic terminal plasticity. 
In NCAM KO slices, interestingly, terminal turnover rates seemed to be permanently increased 
(at least for one type of terminal, the LMTfil) with respect to control values (3-fold increase). It 
will be interesting then to know whether high frequency stimulation can reversibly enhance 
these dynamics. A failure to do so would be significant because it would mean that NCAM 
plays a key role in the reversible increase of terminal turnover rates. Furthermore, indirect in 
vitro studies employing targeted-GFP mice crossed with mouse models of enhanced or impaired 
learning could provide informative insights into the physiological relevance of presynaptic 
terminal dynamics. 
 
The MF to CA3 pathway represents an ideal system to study the relationship between excitation 
and inhibition in a neuronal network. The anatomy of this relatively simple network is to a large 
extent (but see later) defined and the cell types involved have been characterized in their 
electrophysiological properties. Moreover, inhibitory interneurons are excited by the same input 
(the MF epV and LMTfil) that also excites pyramidal neurons (LMT-to thorny excrescence-
synapses) in the same network. This property of cortical networks whereby the same excitatory 
input excites both GABAergic interneurons and principal cells is called feed forward inhibition 
(Pouille and Scanziani, 2001). The discovery that two subtypes of excitatory presynaptic 
terminals that contact interneurons (LMTfil and epV) are anatomically plastic in normal 
circumstances, opens the possibility that feed forward inhibition could be mediated by a 
structural change involving specific terminal types (the LMTfil and epV). It also raises the 
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question of how these anatomical dynamics may influence the degree of inhibition in the CA3 
network. Do dynamic filopodia and epV maintain their target selectivity for the same 
interneurons? And more importantly what is the impact of the enhanced anatomical changes 
upon increased activity that we describe in this study for feed forward inhibition phenomena in 
the CA3 network?. The evidence that also dynamic filopodia contain synaptophysin, suggests 
that they could actively participate in the excitation-inhibition balance of the CA3 network. 
Further experiments involving imaging of mGFP-positive MF terminals and 
electrophysiological recordings (e.g. recordings from CA3 pyramidal neurons in voltage clamp-
configuration, while stimulating the “green” MF to record the average inhibitory response on 
single principal cells) in acute slices, however, are needed to solve these issues. As I pointed in 
the introduction (pag. 23), answers to these questions will be greatly illuminated once we learn 
more about the connectivity of the CA3 network. It is crucial to know whether the interneurons 
contacted by a single MF also contact the same pyramidal neurons that are postsynaptic to that 
MF or if neighbouring granule cells contact the same interneurons. At present it is simply not 
known whether a strong activation of the MF pathway leads to an excitation or inhibition of the 
CA3 network. This knowledge will be important to better interpret the role of presynaptic 
structural plasticity for hippocampal function.   
 
We studied presynaptic terminal dynamics in hippocampal area CA3. To what extent can we 
generalize our findings? The MF is a special axon. It bears three functionally and 
morphologically different terminals, one of which has a unique anatomical complexity in the 
hippocampus (the LMT). It also contains unusually high levels of actin (Capani et al., 2001) that 
could explain its dynamic properties. This made us concerned about the generalization of these 
findings for other classes of axons and terminals. However, two lines of evidence make us 
confident that, although likely with different kinetics, other axons and terminals may also be 
plastic in mature networks. First, when we looked at the general population of spGFP-positive 
terminals in CA3 that comprise also CA3 pyramidal neuron and GABAergic terminals, we 
found similar dynamic properties to MF terminals including aspects of regulatory mechanisms 
(Fig.2 and 6). Second, prominent axonal short-term dynamics (ranging from sec. to minutes), a 
phenomenon that we document in detail for mature MF (Suppl. videos 2, 3 and suppl. Fig. 5), 
also characterize CA1 axons in mature hippocampal slice cultures (Discussion video 1). 
Repeated observations every ten seconds over 5-10’ show that varicosities from CA1 pyramidal 
neuron axons in the stratum oriens or subiculum are characterised by frequent shape changes (42 
% of them, n = 31) closely resembling spine motility. Protrusive activity (filopodial extension 
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retraction) from the varicosity, which can last from tens of seconds to minutes, is also a 
recurrent phenomenon (24 % n = 25). This dynamic behaviour can alternate, also producing 
periods of no detectable movement (up to 20 minutes of no movement). Also filopodia emerging 
from the shaft can rapidly elongate or retract alternating with periods of no detectable movement 
(56 % n = 45). Moreover, we detected one varicosity loss event out of 10 total varicosities 
followed over 1 day observation period. Finally, dynamic activity of varicosities seem to be 
retained in Botulinum A treated cultures (n = 4 slices, 4d treatment). Thus these axonal dynamic 
behaviours characterise different types of axons in mature hippocampal networks suggesting 
that they can be general features of non-developing axons. 
Nevertheless, to gain a comprehensive view on CNS presynaptic terminal turnover and 
regulation, different axons in different brain areas need to be studied, as properties could vary 
according to the specific role of the axon in that specific brain area. 
Are inhibitory terminals also turning over? If so, the mechanisms underlying the regulation of 
these dynamics could be different as AMPA receptors cannot be directly activated by the 
neurotransmitter GABA.  
Given the high specificity of terminal location sites along axons (Shepherd et al., 2002), it 
would be interesting to know whether terminal dynamics are also characterized by similar 
specificities. For example knowing whether they take place only at restricted axonal regions or, 
in contrast, if they take place throughout the entire axonal arbor, would be important 
information. As I already mentioned, even though we asked whether terminals other than the 
mossy fibers turned over, we tested only a relatively restricted brain region and axonal sub 
region for presynaptic dynamics, that is the hippocampal CA3 region. This includes only the 
final part of the mossy fiber axons. Within the different axonal segments that we studied in area 
CA3 (i.e. proximal or distal to the DG) we found no indication that terminals could behave 
differently with respect to their position along the axon. However, a comprehensive 
understanding of axonal synaptic plasticity awaits in experiments where different regions, with 
respect to postsynaptic target circuitry, of the same axonal arbor can be compared in their 
terminal dynamic properties. 
 
3.3.3. Conclusions  
The brain’s ability to form and store memories and to change (learning) in response to everyday 
experience has attracted several generations of biologists. A major area of research in 
neuroscience seeks to understand to what extent this ability is due to alterations in synaptic 
connections. While previous attempts to relate experience-dependent changes in synaptic 
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activity and anatomical modifications documented only post-synaptic site dynamics, our data 
provide evidence for the existence of an activity-dependent pathway that acts on the stability of 
presynaptic terminals in mature circuits. Furthermore, our data establish pre-synaptic terminals 
as possible substrates to translate experience into long-term changes of network connectivity.  
Our data provide an important starting point for future studies that will test plastic properties of 
presynaptic terminals in a variety of brain regions and under different experimental conditions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
119 
Discussion                                                                                             Presynaptic terminal dynamics
 
 
3.4. DISCUSSION FIGURES 
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FIGURE LEGENDS 
 
 
Discussion Figure 1: Sprouting competence is determined by the local environment and not by 
the motor neuron. mGFP expressing motor unit in the gastrocnemius muscle upon paralysis. 
Note that three different end plates (arrows) on the same motor neuron exhibit different extents 
of sprouting (arrowhead).  
 
Discussion Figure 2: Proposed model of presynaptic terminal dynamic regulation.      
Enhancement of LMTfil dynamics involves local high-frequency stimulation, AMPA-R 
activation, PKA, and de novo protein synthesis. Enhanced dynamics is transient: it is first 
detectable at 6h after stimulation, and it reverses to near control values 2 days after stimulation. 
BDNF release may occur downstream of PKA activation, to stimulate de novo protein synthesis. 
Reversible enhancement of dynamics may involve transient elevation in the levels of critical 
protein(s), e.g. actin-regulating proteins. Our results are consistent with the possibility that 
similar mechanisms enhance the dynamics of other types of presynaptic terminals in the 
hippocampus (e.g. mossy fiber epV). While high-frequency stimulation leads to enhanced 
presynaptic dynamics, our data do not discriminate between an activation of pre- or postsynaptic 
AMPA-R, nor between a requirement for de novo protein synthesis pre- or postsynaptically. 
 
Discussion Video 1:  CA1 pyramidal axons in mature hippocampal slice cultures are 
characterized by short-term axonal dynamics likewise MF. The video shows a CA1 pyramidal 
neuron axon in the stratum oriens from a Thy1-mGFPs slice (26 DIV), imaged over a few 
minutes. Note prominent (~ 10 µm max lenght) and rapid extension (in 1’) of 3 filopodia from a 
varicosity, consequent retraction (over 1 minutes) and complete absorption (overall 4’). Frames 
were captured at 10 sec intervals; the video has been time-compressed, and is shown at 15 
frames/second.  
 
122 
                                                                                                                                                               Outlook 
 
3.5. OUTLOOK 
 
 
The main contributions of this PhD work to the study of synaptic plasticity are: 1) the development 
of new genetic tools to study synapse structure and remodeling, and 2) the demonstration of activity 
regulated pre-synaptic rearrangements in mature hippocampal networks.  
 
Future studies should be directed towards a more complete characterization of the molecular 
mechanisms of presynaptic terminal dynamic regulation, as outlined in the discussion. 
In summary, what could represent a clear advantage will be to be able to relate structural changes of 
presynaptic terminals with functional changes. Thus, electrophysiology, or alternatively Ca2+ 
imaging should be coupled to imaging anatomy. A particular interesting application, because of its 
implications for LTP mechanisms, will be to probe the functional effects of anatomical 
rearrangements at LMTs. Along the same line, simultaneous imaging of pre and postsynaptic sites 
(using e.g. mGFP/spRFP mice) could add new insights into the regulated rearrangement of synapses 
in adult brain.  
 
Future challenges include determining whether different types of axons in adult animals are 
characterized by similar dynamic phenomena. Subsequently it will be important to dissect the 
molecular mechanisms of these structural modifications together with the potential role of 
experience in regulating such modifications. Finally, if differences in plastic mechanisms of axons 
were discovered, it will be a major challenge to understand how such specificity of plastic 
properties is controlled at the cellular and molecular level.  
In summary it will be important to determine to what extent the mechanisms that underlie synapse 
formation and elimination during development are shared by more mature circuits. Or, instead, 
whether different mechanisms have evolved to achieve the same purpose in the mature brain.  
The regulated presynaptic remodeling that we show in a simple mature neuronal network provides a 
starting point from where to begin to dissect these fascinating questions.  
 
Instrumental for the success of these tasks will likely be the use of the novel genetic tools presented 
in this study. They enabled us to “track the lives” of several different types and large populations of 
presynaptic terminals for extended periods of time. As outlined in the discussion several 
applications of the targeted-GFP mice are possible in many fields of neurobiology, in particular for 
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the study of the molecular mechanisms of young granule cell development. Finally, the possibility 
of their exploitation for in vivo imaging of presynaptic terminals both in the CNS and in the PNS is 
a good example of their potential. 
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4. APPENDIX  
 
4.1. Defining molecular basis of motor neuron subpopulations  
 
4.1.1. OVERVIEW AND RATIONALE OF APPROACH 
The introduction of the silver staining technique more than 130 years ago by Camillo Golgi 
enabled biologists to discover that neurons comprise several distinct morphological classes or 
types. It is an important question and challenge in neurobiology to understand the molecular 
mechanisms underlying this diversity because it will help us to clarify the molecular basis of 
synaptic specificity. One model system that was extensively used to study distinct subtypes of 
neurons and their specific functions has been the motor pools, the groups of motor neurons that 
innervate one defined skeletal muscle (Henneman and Mendell, 1991; Burke, 1994). Each 
muscle unit (that is one muscle and its motor pool) consists of a defined set of functionally 
distinct motor units (that is one motor neuron and the muscle fibers it innervates). In mammals, 
there are three subdivisions of motor units, based on functional types: slow (S), fast fatigue 
resistant (FR) and fast fatigable (FF). Slow motor units develop relatively little force but are 
extremely resistant to fatigue (e.g. soleus muscle). FF units on the other hand are powerful but 
rapidly exhausted (e.g. EDL muscle). There are, in addition, functionally intermediate forms 
within these categories (e.g. among FF and FR motor units). Characteristic type-specific muscle 
protein isoforms are expressed by these different muscle fiber types. The specific motor unit 
content of any particular muscle is determined genetically and has species-specific features that 
reflect behavioural needs (Burke 1994). Mechanistically, the unique functional roles of neuron 
subpopulations are likely to be the result of the past or current variation in gene expression. Thus 
it appears that one way to study the molecular basis of neuronal diversity would be to use gene 
expression analysis. Members of the cadherin family of cell-adhesion proteins, like the 
protocadherins, have been found to be a source of potential variation and to have an 
immunoglobulin-like arrangement of their genes that makes them excellent candidate molecules 
for ensuring neuronal diversity (Kohmura et al., 1998; Obata et al., 1998; Wu and Maniatis, 
1999). To investigate the molecular basis of the functional differences in motor neuron subtypes 
that innervate different muscles we undertook two different approaches. 
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In a first approach I sought to investigate the expression patterns of mouse homologs of human 
protocadherins. I therefore cloned by RT-PCR, and characterised by in situ hybridisation on 
brain tissues, the 3 mouse homologs of human protocadherins (Pcdhα, Pcdhβ, Pcdhγ, see later). 
The analysis of their expression patterns revealed that they label different subsets of neurons in 
the mouse spinal cord and dorsal root ganglia indicating that they can be used as molecular tags 
for subpopulations of motor neurons. 
The second approach lead to the isolation of motor neurons innervating muscles with different 
motor unit composition (soleus and EDL). This was achieved by retrograde labelling of their 
soma and by dissection from the surrounding spinal cord tissue. This is a prerequisite for the 
establishment of motor neuron subpopulation-specific cDNA libraries.  
 
4.1.2. RESULTS 
 
Protocadherins cloning and expression pattern in the mouse spinal cord and DRGs. 
Protocadherins are cell-cell adhesion proteins that have characteristic structural features. In 
contrast to classic cadherins, the extracellular domains of protocadherins consist of six instead of 
five repeats of the cadherin specific motif and the conserved cytoplasmic C terminus is distinct 
from that of the classic cadherins. In humans three separate gene clusters exist named 
Protocadherin (Pcdh) α (homologs of CNRs in the mouse), β and γ. Each complete extracellular 
domain is encoded by a single large exon. To generate mRNA transcripts one of these variable 5’ 
exons is joined to a conserved cytoplasmic domain encoded by three constant exons at the 3’ 
end. Each gene cluster has its own constant cytoplasmic regions resulting in three distinct 
families of proteins (Pcdhα, Pcdhβ, Pcdhγ). 
To determine whether these protocadherin genes might contribute to the diversity in motor 
neuron subpopulations, I cloned the mouse homologs. A BLAST search on the non-redundant 
database using Hs Pcdhα2 lead to the identification of CNR1 (acc. No D86916), or cadherin-
related neuronal receptor (Kohmura et al., 1998). The homolog of Pcdhβ12 was identified as 
Pcdh3 (acc. No L43592) and that one of PcdhγB2 as Pcdh2C (acc. No U88550). The three 
constant coding sequences were therefore cloned using appropriately designed oligos by RT-
PCR. Three bands of the expected sizes were generated and cloned in PCDNA3 (Fig. 1). They 
were subsequently linearised and RNA probes created by in vitro transcription. In situ 
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hybridization was then performed on spinal cord and dorsal root ganglia, as well as on CNS 
sections. The results are clear. Subsets of motor neurons in the lumbar-sacral spinal cord are 
evident in both longitudinal and cross-sections when compared to cresyl violet “all-cell” staining 
of adjacent sections (Fig.1 second, third and fourth rows). Also subsets of sensory neurons in 
dorsal root ganglia express Pcdhα, β, and γ homologs (Fig.1, last row). It is not clear, at the 
moment, if there is overlap in this expression patterns, or if instead one subset of neurons can co-
express members of different families of protocadherins. Nevertheless, these results suggest that 
members of the protocadherin family can be used as markers of motor neuron and sensory 
neuron sub populations. 
 
Backlabeling from different skeletal muscles and isolation of correspondent motor neurons  
Soleus and EDL contain diverse complements of motor units (lomo). To identify and isolate 
specifically the motor neurons that innervate them we used retrograde tracers injected directly in 
the 2 muscles (tracers). Fluorogold injections in the two hind limb muscles, successfully labeled 
specific motor neuron pools in the spinal cord (Fig. 2). The correspondent spinal cord section 
(few mm) was dissected and the labeled cells isolated under a fluorescent microscope with the 
aid of a micropipette. This procedure can be useful for construction of cDNA libraries that 
contain either slow or fast motor neuron characteristic genes (e.g. through differential display 
technology). 
 
 
4.1.3. DISCUSSION 
 
This project aimed at identifying molecular tags of motor neurons subpopulations. 
Even though motor neurons could be isolated using the retrograde labeling method, pure labeled-
cell preparations were difficult to obtain. This complicated the way towards the construction of 
cDNA libraries that contained only genes from one subpopulation of motor neurons. As an 
alternative approach, thus, we cloned and characterized three mouse members of the 
protocadherin family, CNR1, Pcdh3 and Pcdh2C. Our results are consistent with a role for these 
proteins in contributing to neuronal diversity in the spinal cord and dorsal root ganglia. 
Furthermore they could sub serve as molecular markers because of their expression in subsets of 
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neurons. Both in the spinal cord (Fig 1) and in the dorsal root ganglia, expression of mRNAs is 
detectable in restricted areas. It will be interesting to characterize in more detail the properties 
(morphological and electrophysiological as well as with respect to their connectivity) of the 
neurons that express the same protocadherin gene and to investigate if the same neurons express 
multiple protocadherins. Further candidate markers of neuronal diversity are K+ channels and 
transcription factors. It is interesting to note that recently (Price et al., 2002) other members of 
the cadherin family have been shown to specify motor neuron pools in the spinal cord. This 
study analyzed the developmental expression of cadherins in mouse spinal cord and dorsal root 
ganglia, and found that these cell-cell adhesion proteins are also expressed in subsets of neurons. 
Thus, our data on the expression patterns of protocadherins in mouse spinal cord and DRGs open 
the possibility that also this gene family might be involved in specifying motor neuron 
subpopulations. 
 
4.1.4. MATERIAL AND METHODS 
 
RT-PCR. RT-PCR was used to clone the three Pcdh cDNAs from total mouse mRNA. 
Reverse transcription was performed in 20µl volume reaction in two steps. 
First, 5µg DNA-free RNA were incubated for 10' at 70º with 2 µM of each oligo-dT primer (4 µl 
of 0.5 µM), 1µl (40U) RNAsir (from Boeringher) and ddH20 up to 12 µl volume, to denature the 
mRNA secondary structure and allow primer annealing. Sequence of the primers were the 
following (Tm 58-64º): 
- forward primer CNR1 (included the BAMHI restriction site sequence):  
5’-GCGGGGATCCCAGCCCAACCCTGACTGG-3’; 
- forward primer Pcdh3 (included the BAMHI restriction site sequence): 
5’-GCGGGGATCCGTGGATCGCGACTCTGGG-3’; 
- forward primer Pcdh2C (included the EcoRI restriction site sequence): 
5’-GCGGAATTCCAAGCCCCGCCCAACACTG-3’; 
- Reverse primer CNR1 (included the XhoI restriction site sequence): 
3’-CCTGTTGTCACTGGTCACTGAGCTCCCGGG-5’; 
- Reverse primer Pcdh3 (included the XhoI restriction site sequence): 
3’-CGACAAACACCCCCACTCGAGCTCCCGCG-5’; 
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- Reverse primer Pcdh2C (included the XhoI restriction site sequence): 
3’-CCCGTTCTTTCTCTTCTTCATTGAGCTCCCGCG-5’; 
Everything was chilled quickly on ice and centrifuged briefly. 
Second, 4µl of 5x first strand Buffer (GIBCO), 2µl of 0.1 M DTT (dithiothreitol), 1 µl 10 mM 
dNTP mix (final concentration 0.5 mM) were incubated for 2' at 42 ºC with the RNA/primer 
before adding 200U of Superscript II (reverse transcriptase). The mix was incubate at 42º for 50' 
To inactivate the reverse transcriptase the mix was boiled at 70º for 15' and left on ice for 
immediate PCR amplification or stored at – 20 ºC for later use. 
One microliter of the obtained cDNA was amplified. The PCR reaction was performed in a 50 µl 
volume with the following reagents: 5 µl of 10x PCR buffer (expand kit), 1 µl dNTPs Mix 10 
mM, 2 µl forward primer (50 ng / µl), 2 µl reverse primer (50 ng / µl), 1 µl cDNA, 0.5 µl HiFi 
Taq DNA Polymerase (5U/µl) and ddH20 up to 50 µl. 
 
 
In situ hybridization. For in situ hybridization the brain and spinal cord were removed soon after 
cervical dislocation, frozen in Tissue-Tek (Sakura Finetek, Torrance, CA) and stored at – 80 C°. 
Sagittal section (12 µm thick) were prepared using a cryostat and thaw-mounted on glass slides.  
In situ hybridization for each of the protocadherins was carried out with cRNA probe 
corresponding to the entire constant coding sequence. The cDNA of interest was cloned into a 
vector such as a pBS+ or pcDNA3 that contained recognition sites for the RNA polymerase (T3, 
T7 or SP6). 5 µg of plasmid DNA were digested with appropriate restriction enzymes to produce 
either a sense or an antisense RNA probe.  pCDNA3-Pcdh were linearised using Xho1 and then  
the T7 polymerase was used to generate the sense probe. To have the antisense probe the 
plasmids were cut with either EcoR1 or BamH1 and the SP6 polymerase was used. 
Quantification of probe concentration was done using dot-blots with a known RNA marker and 
control probes (HB9 and EGFP). The hybridized sections were treated with anti-digoxigenin 
sheep antibody (Boehringer) coupled to alkaline phosphatase. Anti-digoxigenin antibody and 
therefore cRNAs were visualized in a colour reaction with BCIP-NBT (Baumeister et al., 1997). 
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Retrograde labelling. Mice were anaesthetized with a mix of ketamine and rampoon (10 µl/g). 
The muscle exposed with fine scissors. Fluorogold (Fluorochrome, Englethat), 5 µl, was injected 
in either the soleus or the EDL with a micro syringe under the dissecting microscope. Incisions 
were closed using a special surgical glue (Vet-Seal, B. Braun Medical). 
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4.1.5. FIGURES 
 
 
 
 
FIGURE 1 
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FIGURE 2 
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4.1.6. FIGURE LEGENDS 
 
Figure 1: Cloning of mouse homologs of human protocadherins and their characterization by in 
situ hybridization. (First row, first panel) RT-PCR using designed primers (see methods for 
sequences) on mouse total mRNA. Expected bands were 470, 390, 360 bp for CNR1, Pcdh2C 
and Pcdh3 (B12) respectively. C is control, 1Kb is the marker. Sense probe gave no signal 
(second panel) compared to antisense Purkinje cell layer-specific signal in the cerebellum 
(arrows, third panels). Longitudinal sections of lumbar to sacral, ventral side spinal cord reveal 
all cells upon cresyl violet staining (second row). Third row and fourth row, 4th panel show the 
correspondent Pcdh2C and CNR1 in situ hybridization. Note colour reaction in subsets of 
presumably motor neurons (rectangle and arrowheads). In spinal cord cross sections Pcdh3 (4th 
row, second panel to be compared to first panel which shows cresyl violet staining of adjacent 
section) and CNR1 (4th row third panel) give also a pattern of expression restricted to the ventral 
horn where large bodies of motor neurons reside (arrowheads). V, ventral. 
Also subsets of dorsal root ganglion neurons (arrowheads in 5th row, second and third panels) 
appear to express Pcdh3 (second panel) and CNR1 (third panel) when compared to cresyl violet 
stained ganlia (first panel). Scale bar: 400 µm in first row; 200 in second and third, 150 in fourth, 
50 µm in fifth row. 
 
 
Figure 2: Backlabeling of motor neurons innervating two muscles with different motor unit 
composition. (a) Contralateral side. (b) Fluorogold signal is detectable in the ventral horn of 
lumbar spinal cord specifically (arrow indicates groups of motor neurons). (c) Another example 
of EDL motor neuron-specific labelling in the ventral spinal cord. (d) Motor neurons 
innervationg the soleus (arrow). Scale bar: 50 µm. 
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